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Abstract 
Carbon dioxide gas has been widely used in food production. Nevertheless, the conventional ways 
to utilize CO2 gas have limitations in terms of safety, convenience, handling and storage. To offer a 
safe and convenient approach to use CO2 gas, the production of food-grade CO2 powder in which 
CO2 release can be controlled was investigated. Conventionally, such gas powder has been 
produced via molecular encapsulation, accomplished by compression of the gas into either a 
solution of alpha-cyclodextrin (-CD) or crystalline -CD in a solid state. However, shortcomings 
(low yield or stability of the complex) of these techniques have prevented their actual application.  
In this project, an innovative method to produce CO2--CD complex powder with high yield and 
stability was investigated using amorphous spray-dried α-CD powder followed by crystallization of 
the complex. Due to a lack of understanding of amorphous α-CD powder properties and the 
complexities of conventional methods to quantify CO2 in solid systems, the project commenced 
with the characterization of α-CD powders and the development of a simple system to determine the 
amount of encapsulated CO2. 
 
The study of the structure of α-CD powders revealed that spray drying of α-CD solution resulted in 
a completely amorphous powder (Tg  83
o
C). The differences in molecular structure between 
crystalline and amorphous α-CDs were illustrated by the analytical results of SEM, X-ray, FTIR, 
DSC, TGA and 
13
C-NMR. The study of moisture sorption showed that an amorphous α-CD powder 
adsorbed more water than its crystalline counterpart at the same aw but it crystallized as it was 
equilibrated at higher than 65% RH (>13.70g moisture/100 g of dry solids). 
 
A simple system to quantify the CO2 in the complex through measuring the amount of CO2 released 
from the complex into an air-tight chamber headspace by using an infra-red CO2 probe was 
designed and tested. The concentrations measured using this new system and conventional acid-
base titration were insignificantly different (p > 0.05). This was also validated by the gas 
chromatography method. 
 
A study of solid encapsulation of crystalline (9.84% MC, w.b.) and amorphous (5.58% MC, w.b.) α-
CD powders at 0.4-1.6 MPa for 0-96 h showed that amorphous α-CD encapsulated a much larger 
quantity of CO2 than the crystalline form at low pressure and short time (p < 0.05). An increase in 
pressure and prolongation of the time increased encapsulation capacity (EC) of α-CD, especially for 
the crystalline form.  The highest EC of crystalline α-CD was 1.45 mol CO2/mol α-CD, which was 
markedly higher than that of amorphous α-CD (0.98 mol CO2/mol α-CD). Solid encapsulation did 
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not affect the structure of amorphous α-CD, but slightly altered the structure of crystalline α-CD. 
Peak representing the encapsulated CO2 in the complex was clearly observed on the FTIR (2334 
cm
-1
) and NMR (125.3 ppm) spectra. However, the complexes were not stable enough for actual 
application, especially those produced from amorphous α-CD.    
 
To improve the stability of CO2 gas, crystallization of CO2-amorphous α-CD complex was 
developed. To achieve this, initially water was added to the amorphous α-CD powder to increase its 
MC to around its crystallization induced level (13, 15 and 17% MC, w.b.), and complexation was 
undertaken under 0.4-1.6 MPa and compared with crystalline CD complexation. The results showed 
that the EC of amorphous α-CD significantly increased up to 1.1-1.2 mol CO2/mol α-CD. Under the 
same conditions, the EC of crystalline α-CD showed a considerable decline with an increase of 
initial MC. The phase transformation of amorphous α-CD powder during complexation was clearly 
observed in the analytical results of SEM, FTIR, X-ray, NMR and DSC. The crystals of the 
complex have a cage-type structure entrapping the CO2 molecules into isolated cavities. However, a 
large amount of water on the complex surface (aw > 0.95) due to crystallization made it still low in 
stability. 
 
Dehydration of the crystallised complex produced from amorphous -CD powder to improve its 
stability by desiccant adsorption using silica gel and CaCl2 desiccants, and release properties of the 
desiccated complex in air, water and oil media, were investigated. CaCl2 reduced the complex aw 
faster, with less CO2 loss during dehydration, than using silica gel. Dehydration dramatically 
improved the complex stability. The release rate of CO2 markedly increased with an increase in RH, 
and was much faster in water than in oil. However, almost none of the CO2 was released from the 
complex kept in airtight packaging during storage. 
 
One potential application for controlling the mould and yeast growth in cottage cheese was 
investigated by direct mixing of the dehydrated CO2 powder (0.5-0.6 mol CO2/mol α-CD) into the 
product before packing. The results showed a significant inhibition of the mould and yeast growth 
during storage of cottage cheese at temperatures of 7 and 25
o
C. This demonstrated the ease of use of 
CO2 powder in food products if CO2 gas is needed to extend the shelf-life of these products. 
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Chapter 1 
Introduction 
 
1.1. BACKGROUND 
Gas adsorption/encapsulation into powder solid matrices can play an essential role in sequestering 
harmful or greenhouse gases and in storing useful gases for their subsequent release for a targeted 
application. The common solid matrices used to date for gas adsorption include activated carbons, 
carbon nanotubes, zeolites, metal-organic frameworks and cyclodextrins. Although these matrices 
are extremely different in their framework structure, composition and properties, all of them possess 
many binding sites on the particle surface and/or in the cavity, which can form physical or chemical 
interactions, thus reversible or irreversible bindings respectively, with gas molecules. A high gas 
adsorption capacity of the matrices may be required for gas storage or greenhouse gas sequestration, 
while selectivity of a given gas over another is preferred in the case of gas separation. However, the 
release or control of the adsorbed gas molecules and safety of the solid matrices (e.g. non-toxic, 
biodegradable and biocompatible) are required if they are intended to be used in food, 
pharmaceuticals or agricultural systems. In this context, cyclodextrin (CD), also known as cyclic 
oligosaccharide, is the best choice because it is free of toxicity and is categorized as being generally 
recognized as safe (GRAS) in the USA, a natural product in Japan, and a novel food in Australia 
and New Zealand (FSANZ, 2004; Irie and Uekama, 1997; Loftsson and Duchene, 2007). 
 
Typical CDs are composed of 6, 7 and 8 α-(1,4) linked glucopyranose units known as α-, β- and γ-
CDs, respectively. The construction units are linked to each other to form a truncated cone with an 
apolar inner cavity of around 0.5-0.9 nm in diameter, and a hydrophilic surface (Szejtli, 1989). For 
gas encapsulation, -cyclodextrin (-CD), with the smallest interior cavity diameter (0.47-0.53 
nm), has been found to be the most suitable solid matrix because the smaller cavity offers  greatest  
interaction and better binding force between the guest molecules and walls of the cavity (Hedges et 
al., 1995). Most gases which have low molecular weight and small molecular size can easily fit into 
the α-CD cavity (Trotta et al., 2011). Therefore, α-CD can form inclusion complexes (ICs) with 
many gas molecules such as CH4, C2H6, C3H8, Kr, 1-MCP, Xe, CO2 and C2H4 (Szejtli, 1988); 1-
MCP (Neoh et al., 2007); CO2 (Neoh et al., 2006); C2H4 (Ho et al., 2011, 2015, 2016; Ho and 
Bhandari, 2016; Bazzano et al., 2016); N2O and CO2 (Zeller and Kim, 2013); CO2, N2O, Ar and N2 
(Pereva et al., 2015).  
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Among the types of gases which can form ICs with α-CD, carbon dioxide (CO2) is one which has 
been widely used in food and agricultural production. In gas form, it has been employed to control 
the respiration rate of agricultural products and retard the growth of undesirable organisms in these 
products during storage (Arvanitoyannis, 2012), to produce the foam and carbonate many kinds of 
beverages to enhance their organoleptic properties (Zeller and Kim, 2013). It also helps to extend 
the shelf-life and improve the quality of many dairy products (milk, cheese or butter) (Hotchkiss et 
al., 2006), meat and fish (Phillips, 1996), orange juice (Shomer et al., 1994), and cereal gains and 
pulses (Yamamoto, 1990). In the production of confectionery products such as pop rock candy, CO2 
gas is used to give a popping feeling while chewing the candy (Kleiner et al., 1981). At supercritical 
state, CO2 becomes an important solvent in the extraction of many bioactive components. 
Moreover, CO2 in liquid and solid forms (known as dry ice) can be utilized as a refrigeration agent 
for many food products (Kaliyan et al., 2007). However, the use of CO2 in these forms has 
limitations in terms of safety, handling and storage (e.g. potential explosion hazards of highly 
pressurized gas cylinders, and extremely low temperature of dry ice (-78.5
o
C) which might cause 
frostbite and require storage in  special freezers, and in relation to human health concerns related to  
unknown leakage of CO2 due to its asphyxiant properties at a high concentration). Moreover, it is 
difficult to infuse CO2 gas into the semi-solid consistency of food materials if this gas is intended to 
be mixed or solubilized to extend the product shelf-life. 
 
In order to address these drawbacks, an innovative approach is the production of food-grade CO2 
containing powder via molecular encapsulation of CO2 gas into non-toxic, biodegradable and 
biocompatible solid matrices, such as α-CD powder. These complex powders are easy to handle and 
use in a safe form, while CO2 release can be controlled. CO2 is a non-polar gas and has a small 
molecular structure (longitudinal dimension of 0.232 nm), which can easily occupy the apolar 
cavity of α-CD molecules. Actually, the encapsulation of CO2 into α-CD powder was earlier 
patented in Japan in 1987 for use in cosmetics, cleansing and personal care products (Trotta et al., 
2011). However, this did not lead to any commercial application, possibly due to the long time 
required for complexation and limited storage capacity achieved in applied processes. Recently, the 
results of some studies have been reported on the encapsulation of CO2 into α-CD and applications 
of CO2 complex powders in the foam formation of various types of coffee mix (Neoh et al., 2006; 
Pereva et al., 2015; Zeller and Kim, 2013). In research reported, complexation was undertaken by 
compressing the CO2 gas into the solution of α-CD at pressure less than 4.0 MPa, known as liquid 
method. This process takes several days for crystallization, precipitation, collection and dehydration 
of complex solids. Another drawback of this technique is a very low yield, with less than 50% of 
obtained complexes. These shortcomings can be addressed via an innovative method known as solid 
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encapsulation, in which a yield of 100% can be achieved through pushing gases into the cavity of α-
CD powder in solid state (Bhandari and Ho, 2014; Neoh et al., 2006).  
 
The commercial α-CD powder exists in crystalline form with a tight and ordered molecular 
structure which does not allow the diffusion of gas molecules at the interior of the crystals, 
especially at low pressure and short encapsulation time. Therefore, the complex powder formed is 
low in encapsulation capacity and stability (Ho, 2013; Neoh et al., 2006). Bhandari and Ho (2014) 
reported that the amorphous state with loose and random molecular arrangement can enhance the 
complexation process. The amorphous form of α-CD powder with an opened molecular structure 
can be achieved by spray drying of α-CD solution. This work demonstrated that the encapsulation 
of ethylene gas into an amorphous structure reduced the complexation time significantly, but the 
encapsulated gas held by this method was not stable. The gas was supposedly lost during 
depressurisation, thus the final stable gas concentration measured in the complex powder was 
relatively low. This work did not investigate the applicability of the process to other gases, such as 
CO2.    
 
The gas (ethylene and CO2) complex powders in crystalline form produced by liquid method were 
found to be stable for months under normal conditions (Ho et al., 2011; Neoh et al., 2006). This 
apparently suggests that the crystalline structure of the gas-α-CD complexes may assist in the 
stabilization of the gas in the cavity if the amorphous complexes are crystallized during or after 
complexation. The CDs are reported to crystallize in two basically different patterns, the cage and 
the channel (tunnel) types (Saenger, 1984). It has been difficult to identify exactly which type of 
pattern would be formed under a particular condition (He et al., 2008). The type of the stacking of 
complex molecules during their crystallisation may also influence the encapsulation capacity of CD 
and stability of complex. In this regard, an understanding of the properties of amorphous α-CD 
powder, which are related to crystallization process such as glass transition temperature (Tg), critical 
moisture content (MC) or relative humidity (RH), as well as the determination of the type of crystal 
arrangement in crystalline gas-α-CD complex powder, will be important. However, no such 
information exists in the literature.  
 
In order to determine the gas content in gas-α-CD complex powder, several conventional techniques 
have been reported including, gas chromatography (GC) (Ho et al., 2011), acid-base titration (Neoh 
et al., 2006), thermogravimetry-mass spectrometry (TG-MS) (Pereva et al., 2015), or the foam rise 
method in which the gas concentration is quantified from the volume, density and temperature of 
the foam produced from the blending of the complex powder with a mixture of hot water and 
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foaming ingredients (e.g. skimmed milk powder and xanthan gum) (Pereva et al., 2015; Zeller and 
Kim, 2013). These methods require an expensive equipment system and/or a complicated sample 
preparation procedures. For the static measurement of gas content in solid matrices like α-CD 
powder, a gas probe is quite applicable due to its availability, cost-effectiveness, small size and 
possibility of on-line measurement. However, no such method has been reported in the literature.  
 
In  conclusion, the overall aim of this project was to investigate an innovative method to produce 
food-grade CO2 complex powder with a high yield, capacity and stability, using amorphous α-CD 
powders in solid state. However, due to the lack of information about amorphous α-CD powder 
properties and the difficulties in the determination of gas content in the complex powder of reported 
techniques, the characterization of amorphous α-CD powder produced by spray drying and 
development of a CO2 probe measuring system to quantify CO2 content in the complex powder, 
were also undertaken. Finally, the release properties of CO2 from the complex powder under 
different conditions (air and oil medium), and the potential application of CO2 complex powder to 
prevent mould and yeast growth in cottage cheese curds, were also explored. 
 
1.2. RESEARCH AIMS AND OBJECTIVES 
This project aimed to develop an innovative method for the production of stable and relatively high 
CO2 content complex powder by solid encapsulation using amorphous -CD powder. 
 
The specific objectives of the research are listed below: 
[1]. To study the physico-chemical properties, including the molecular structure and water 
adsorption behaviour of commercial (crystalline) α-CD powder and amorphous powder 
produced by spray drying of reconstituted α-CD solution. This objective is addressed in 
Chapter 3.  
 
[2]. To develop and validate an infra-red CO2 probe equipped headspace measuring system to 
quantify CO2 content in CO2-α-CD complex powder. This objective is addressed in 
Chapter 4. 
 
[3]. To investigate the CO2 encapsulation capacity of commercial and amorphous α-CD 
powders in solid state at different pressure, and characterize the formed CO2 complex 
powders. This objective is addressed in Chapter 5. 
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[4]. To investigate the effects of water-induced crystallization of amorphous α-CD powders 
during complexation on CO2 encapsulation capacity and stability of the complex, and 
characterize the CO2 complex powders formed. This objective is addressed in Chapters 6 
and 7. 
 
[5]. To evaluate the effects of removal of surface water of the CO2 complex powder using 
desiccants (e.g. silica gel or salts), on the stability and CO2 concentration, and to study 
the release properties of CO2 from desiccated complex powders under different medium 
conditions. This objective is addressed in Chapter 8. 
 
[6]. To investigate one potential application of CO2 complex powder to constrain the spoilage 
of cottage cheese curds caused by mould and yeast. This objective is addressed in 
Chapter 9. 
 
1.3. HYPOTHESES 
Hypotheses of this research are listed below: 
[1]. Spray drying of α-CD solution can produce amorphous α-CD powder, and this powder 
will crystallize under high RH or by the addition of moisture.  
 
[2]. Amorphous α-CD powder with a loose and random molecular structure allows CO2 gas to 
diffuse easily into its molecular cavity, especially at low pressure and reduced time of 
encapsulation, and that the CO2 would be trapped effectively if the amorphous CO2-α-CD 
complex powder is crystallized during the complexation process.  
 
[3]. The water expulsion during crystallization of an amorphous complex powder results in 
high water molecules accumulating on the powder particle surface,  reducing the complex 
powder stability (retention of gas), and vice versa e.g. removal of water molecules from 
the surface of complex powder could improve its stability. 
 
[4]. The release rate of CO2 from complex powders can be modulated depending on the RH 
level and environment in which the complex powder is exposed (fat, air or water). 
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[5]. The ease of use of complex powder could be accomplished as it can be directly mixed 
with semi-solid foods, such as cottage cheese curds, prior to packaging to extend the 
shelf-life of such food products.  
 
1.4. EXPECTED OUTCOMES 
The results of this project are expected to develop an innovative technique to produce CO2 complex 
powder with high yield, encapsulation capacity and stability. The success of the production of such 
a CO2 complex opens a new way to utilize CO2 gas in food production and preservation. 
 
1.5. OUTLINE OF THE DISSERTATION 
The thesis consists of 10 chapters including a general introduction (Chapter 1), literature review 
(Chapter 2), studies undertaken in the project (Chapters 3-9), and general conclusions and 
recommendations for further research (Chapter 10). All the research chapters are presented in 
journal format. Copyright permission to reproduce all the published materials in the thesis was 
obtained from publishers. Each published or submitted research paper is presented as a chapter, and 
some data are reported in the appendices.  
 
[1]. Chapter 1 provides general knowledge about gas encapsulation using solid matrices 
(especially -CD powder) as the coating material for applications in food production. 
The shortcomings of reported techniques for gas encapsulation of -CD powder and 
studies investigated in this project are also introduced.  
 
[2]. Chapter 2 presents the review of literature background relating to: (1) the properties of -
CD powders (molecular structure, gas encapsulation capacity and techniques, release 
properties and applications of gas--CD complex powder in food production); (2) the 
characteristics of crystalline and amorphous materials, including approaches to 
characterize crystalline and amorphous powder, as well as those to identify its state of 
transformation; and (3) CO2 properties (physical and structural characteristics, 
applications of CO2 in food industries, and techniques to quantify CO2 in food products).  
 
[3]. Chapter 3 illustrates how the spray drying of -CD powder solution resulted in state 
transformation from crystalline to amorphous state, and investigates two important 
properties (molecular structure and water adsorption, which are essential to study the 
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complexation process of α-CD powders) of commercial crystalline and spray-dried 
amorphous -CD powders.  
 
[4]. Chapter 4 provides a description and validation of the very simple CO2 measuring system 
using an infra-red CO2 probe to quantify the CO2 concentration in the headspace 
(compared to gas chromatography) and the amount CO2 adsorbed into α-CD powder  
(compared to conventional acid-base titration). 
 
[5]. Chapter 5 illustrates the CO2 encapsulation capacity of crystalline and amorphous -CD 
powders at 0.4-1.6 MPa (0-96 h) via solid technique, and provides the characteristics of 
formed complex powders.  
 
[6]. Chapter 6 investigates the effects of water-induced crystallization of amorphous -CD 
powder through water addition prior to encapsulation (0.4-1.6 MPa) to increase its initial 
MC up to 13-17% (w.b) (which is close to, or higher than, the crystallization-induced 
level of amorphous -CD), on its encapsulation capacity and stability of formed 
complexes. For comparison, a similar study is also done for crystalline -CD powder. 
 
[7]. Chapter 7 characterizes the CO2 complex powders produced from amorphous -CD 
powder by adding water prior to encapsulation, and describes the crystalline structure 
(molecular arrangement) of CO2 complex powders produced by this approach.  
 
[8]. Chapter 8 describes the approach to dehydration of CO2 complexed power (using 
desiccants such as CaCl2 and silica gel) to improve its stability, and release properties of 
CO2 from complex powder under different conditions. 
 
[9]. Chapter 9 demonstrates the applicability of CO2 complex powder to prevent the growth 
of mould and yeast in cottage cheese curds by direct mixing the complex powder with the 
curds prior to packaging.                                          
 
[10]. Chapter 10 provides the overall conclusions from each of the research chapters, and 
provides some recommendations for further studies.  
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Chapter 2 
Literature Review 
(*) 
 
2.1. INTRODUCTION   
For gas encapsulation or adsorption, numerous types of solid matrices (SMs) have been reported in 
the literature, including activated carbons, carbon nanotubes, zeolites, metal-organic frameworks 
and cyclodextrins. They can be categorized into either non-organic and organic systems according 
to their molecular composition, or into non-crystalline (disordered structure) and crystalline 
(ordered structure) SMs depending on their molecular arrangement (Morris and Wheatley, 2008; 
Zhang et al., 2007). There have been a number of attempts made to store various gases by 
entrapping them in these SMs for fuel and emission control. However, encapsulation of gases into 
biodegradable, non-toxic and biocompatible SMs which is of interest, for their unrestricted 
applications in pharmaceutical, medicine, cosmetics, agriculture and food production is still at an 
early stage of development and application, and there are only a few recently published research 
papers. Unlike other SMs, cyclodextrin (CD) powder, especially -CD, is free of toxicity and has 
been approved for use in food products in the USA, Japan, Australia and New Zealand. Therefore, it 
has been widely used to encapsulate numerous guest molecules, including gases for agriculture and 
food applications. All aspects related to the structural characteristics and gas 
adsorption/encapsulation capacity of above mentioned SMs, and potential applications of their 
complex powders in various fields (e.g. energy, environmental protection, nano-device production, 
medicine, and food and agricultural production) are well described in a review article published in 
the Powder Technology by this research group (vol. 259, 2014, p. 87-108).  
 
                                                 
(*) 
This chapter is summarized from published review papers and a book chapter, as listed below. The manuscripts were 
modified to keep the format consistent throughout the thesis. 
1). HO, T. M., HOWES, T. & BHANDARI, B. R. 2014. Encapsulation of gases in powder solid matrices and their 
applications: A review. Powder Technology, 259, 87-108. 
2). HO, T. M., HOWES, T. & BHANDARI, B. R. 2016. Methods to extend the shelf-life of cottage cheese: A review. 
International Journal of Dairy Technology, 69(3), 313-327. 
3). HO, T. M., TRUONG, T. & BHANDARI, B. R. 2016. Spray-drying and non-equilibrium states/glass transition. In 
BHANDARI, B. R. & YRJÖ R. (eds.), Non-Equilibrium States and Glass Transitions in Foods, Processing Effects 
and Product-Specific Implications, chapter 5, p. 111-136. Duxford: Woodhead Publishing (Elsevier).  
4). HO, T. M., TRUONG, T. & BHANDARI, B. R. 2016. Methods to characterize the structure of food powders: A 
review. Bioscience, Biotechnology, and Biochemistry, 81(4), 651-671. 
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Carbon dioxide (CO2) is a well-known greenhouse gas, but it has been widely used in food and 
agricultural production. The use of CO2 from conventional sources has limitations about its safety, 
handling and storage. Therefore, an innovative idea to produce a powdered format of CO2 gas by 
molecular encapsulation using -CD powder potentially provides a safer and convenient alternative 
way for the use of CO2 gas. One of potential applications of CO2 complex powder which was 
studied in this project is to extend the shelf-life of cottage cheese by mixing the complex powder 
with cottage cheese curds prior to packaging. This method of CO2 gas introduction would be more 
advantageous in terms of microorganism inhibition and quality improvement than other 
conventional methods reported in the literature. In our review published in the International Journal 
of Dairy Technology (vol. 69, 2016, p. 313-327), almost all methods to extend the shelf-life of 
cottage cheese have been well described and compared.  
 
Food powders, including CD powders, can exist in amorphous or crystalline forms, depending on 
the order of molecular arrangement, while amorphous powders, which are interesting materials for 
the food and pharmaceutical industries, can be produced by spray drying of crystalline powder 
solution. The two steps involved in this process are the disruption of the molecular order in the 
crystal lattice by dissolution of the powder into water, and the rapid removal of water to prevent 
molecules from rearranging into an ordered structure. When compared to other crystalline-
amorphous phase transformation approaches, spray drying is the most effective technique to prepare 
amorphous powders due to its unique characteristics. The fundamental characteristics of spray 
drying with regard to its potential applications to alter the structure of food powders are well 
described in a book chapter written by this research group (Chapter 5, 2016, p. 111-136, in 
Bhandari, B. R. & Yrjö, R. (eds.) Non-Equilibrium States and Glass Transitions in Foods, 
Processing Effects and Product-Specific Implications). The differences between amorphous and 
crystalline powders, as well as solid-state analytical techniques (including X-ray diffraction 
analysis, scanning electron microscope, conventional differential scanning calorimetry (DSC), 
modulated temperature DSC, hyperDSC, gravimetric vapour sorption, inverse gas chromatography, 
nuclear magnetic resonance, Fourier transformed infrared spectroscopy, Raman spectroscopy, 
terahertz pulsed spectroscopy, true density measurement or dissolution tests) for quantitative and 
qualitative characterization of food powders, are discussed in another of our review papers 
published in the Bioscience, Biotechnology, and Biochemistry Journal (vol. 81, issue 4, 2017, p. 
651-671).  
 
For brevity, a large amount of information from above mentioned published papers is purposely 
omitted, and only the content relating to the scope of this project is reproduced and discussed here. 
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Therefore, this literature review presents only the background knowledge about the following: (1) 
CD powders (molecular structure, gas encapsulation capacity, complexation mechanism, techniques 
to characterize CD complexes and gas release properties of the CD complexes); (2) potential 
applications of gas complexes in agriculture and food production; (3) differences between 
amorphous and crystalline powders under different analytical techniques and phase-induced 
transformation approaches; and (4) CO2 gas (properties, its applications in agriculture and food 
production, and techniques to quantify CO2 concentration in solid matrices).  
 
2.2. CYCLODEXTRIN POWDERS 
2.2.1. Molecular structure of cyclodextrin powder 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: Geometrical dimensions of α-, β- and γ-cyclodextrins (Bersier et al., 1991). 
 
Cyclodextrins are starch derivatives and belong to a group of cyclic oligosaccharides composed of 
α-(1,4) linked glucopyranose units. These compounds have been recently researched to encapsulate 
gases, although such encapsulation potential was reported in the early 1960‟s (Cramer and 
Henglein, 1956). Typical CDs are composed of 6, 7 and 8 glucopyranose units, known as α-, β- and 
γ-CDs, respectively (Figure 2.1), and their common properties are presented in Table 2.1. The 
construction units of CDs have a toroidal-like shape with the larger and the smaller openings of the 
toroid at the upper and lower faces exposed to the secondary and primary hydroxyl groups, 
respectively (Szejtli, 1989). 
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Table 2.1: The basic properties of α-, β- and γ-cyclodextrin powders. 
Property α-CD β-CD γ-CD Reference 
Empirical formula (anhydrous) C36H60O30 C42H70O35 C48H80O40 Connors (1997) 
Number of glucopyranose units 6 7 8 
Del Valle 
(2004) 
Molecular weight (g/mol) 973 1135 1297 
Solubility in water at 298.15 K 
(g/100mL) 
14.5 1.85 23.2 
Outer diameter (nm) 1.64 1.54 1.75 
Cavity diameter (nm) 0.47-0.53 0.60-0.65 0.75-0.83 
Height of torus (nm) 0.79 0.79 0.79 
Cavity volume of 1 molecule (nm
3
) 0.174 0.262 0.427 
Cavity volume of 1 molecule (mL) 104 157  256 
Astray et al. 
(2009) 
Cavity volume of 1 g (mL) 0.10 0.14  0.20 
 
The interior of the CD toroids is considerably hydrophobic, and thus able to host hydrophobic 
molecules, including solids, lipids and gases. In contrast, the exterior is sufficiently hydrophilic to 
impart CD‟s water solubility. The water solubility of γ-CD is highest (23.2 g/100mL), being 
significantly higher than that of α- and β-CDs by about 1.5 and 20 times (14.5 and 1.85 g/100mL), 
respectively (Del Valle, 2004). The water solubility of CDs is significantly dependent on 
temperature, and mathematical models expressing a relationship between water solubility and 
temperature for each type of CD were developed by Astray et al. (2009). Engulfment of the 
hydrophobic guest molecules inside the cavity has been found to improve water solubility of guest 
molecules (Rawat and Jain, 2004). Studies on the toxicity of CDs have shown that orally 
administered CDs are non-toxic due to the lack of absorption in the gastrointestinal tract (Irie and 
Uekama, 1997). It is hard for CDs to permeate biological membranes because of their high 
molecular weight and the presence of many hydrogen donors and acceptors in their structure 
(Loftsson and Duchene, 2007). Moreover, CDs (α-, β-, and γ-types) are approved as GRAS 
substances by the American Food and Drug Administration (FDA), and novel food by Food 
Standards Australia New Zealand (FSANZ). Therefore, CDs are being used in the food, 
pharmaceutical, and chemical industries, as well as in agricultural  and environmental engineering, 
to encapsulate many hydrophobic compounds, including solid, liquid and gas molecules, aiming to 
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solubilize or stabilize them at the expected rate and conditions (Hedges, 1998; Loftsson and 
Duchene, 2007; Szente and Szejtli, 2004). 
 
2.2.2. Gas encapsulation of cyclodextrin powders 
2.2.2.1. Gas encapsulation capacity and complexation mechanism of cyclodextrin powder 
Among the three common forms of CDs, -CD has the smallest interior cavity (0.47-0.53 nm) and 
has been found to be the most suitable solid matrix to form complexes with organic guests having 
less than five carbon atoms in their molecules, because the smaller cavity will offer more 
interactions and a better binding force between the guest molecules and walls of the cavity (Hedges 
et al., 1995). Most common gases have low molecular weight and small size, enabling them to  
easily fit into the cavity of α-CD (Trotta et al., 2011). A number of studies on the encapsulation of 
gases into CDs are summarized in Table 2.2. It is likely that parent β- and γ-CD molecules with a 
large cavity (0.60-0.6 and 0.75-0.83 nm, respectively) are not suitable to form the complex with 
most of gases in the way that parent α-CD does. However, by cross-linking with 
carbonildiimidazole (known as CD nanosponges), β- and γ-CD molecules have been found to 
encapsulate some types of gases due to the changes in channels between CD molecules or the 
formation of porous networks during modification process, which can serve as places to occupy 
gases (Trotta et al., 2012). This has been confirmed by the research results of Cavalli et al. (2010), 
who showed that α-, β- and γ-CD cross-linking with carbonyldiimidazole at 353-373 K for 4 h can 
also become an oxygen delivery system due to their high oxygen gas storage ability. Trotta et al. 
(2011) also reported that β-CD nanosponges prepared by a similar method can store high amounts 
of O2, CO2 and 1-MCP.  
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Table 2.2: Summary of research results on gas encapsulation using cyclodextrins. 
Gas CD type 
Encapsulation  
condition 
Encapsulation capacity 
(g/100g) 
Reference 
C2H4 
α-CD 
P = 0.2-1.5 MPa  
T = 298.15 K 
2.74-2.88 Ho et al. (2011a) 
P = 0.2-1.0 MPa 
T = 298.15 K 
2.23-2.35 Bazzano et al. (2016) 
P = 0.5-1.5 MPa 
T = 298.15 K 
α-CD (4.1% MC): 1.29-2.50 
Ho et al. (2016a) 
α-CD (7.4% MC): 1.21-1.56 
CO2 
P = 1-3 MPa  
T = 298.15 K 
4.20-4.66 Neoh et al. (2006) 
CO2 
β-CD 
nanosponges 
(**)
 
P = 0.10 MPa  
T = 293.15 K  
T = 393.15 K 
293.15 K = 0.40 
393.15 K = 0.60 
Trotta et al. (2011) 
1-MCP 
(*)
 
P = 0.101 MPa 
T = 298.15K  
8.10-9.10 
Cl2 
α-CD 
P = 0.7-12 MPa 
T = 293.15 K 
 
2.14 
Cramer and Henglein 
(1956); 
Szejtli (1988) 
Kr 2.84 
Xe 10.27 
O2 1.04 
CO2 5.87 
C2H4 1.81 
CH4 1.62 
C3H8 4.43 
C4H10 6.69 
1-MCP α-CD 
P = 0.101 MPa 
T = 288.15 K  
5.02 Neoh et al. (2007) 
CO2 
N2O 
α-CD 
P(CO2) = 2.2 MPa 
P(N2O) = 1.8 MPa 
P(Ar, N2) = 3.4 MPa 
T = 298.15K 
CO2 = 3.59 
N2O = 3.59 
Zeller and Kim (2013) 
Ar 
N2 
No complex formed 
CO2 
Ar 
β-CD 
P = 3.1 & 3.4 MPa 
T = 298.15K 
No complex formed 
CO2 
Ar 
γ-CD 
N2 
α-CD 
P = 0.5-4.0 MPa 
T = 278.15-293.15 K 
0.50-0.62 
Pereva et al. (2015) 
N2O 1.36-1.96 
CO2 0.97-1.35 
Ar Very low yield 
N2 
β-CD 
γ-CD 
P = 0.5-4.0 MPa 
T = 278.15 - 293.15 K 
- Complexes formed only 
with N2. 
- 0.62-1.84 
N2O 
CO2 
Ar 
  (*)
1-MCP:  1-methylcyclopropene.
 
 
(**) 
Cross-linking of β-CD with carbonildiimidazole.  
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The mechanism of the complexation process between CD and guest molecules in the liquid method 
is illustrated in Figure 2.2. In an aqueous solution, the CD apolar cavities are always occupied by 
water molecules via energetically unfavourable polar-apolar interactions, and these water molecules 
are easily displaced by less polar guest molecules during complexation (Szejtli, 1989). The main 
driving force for the complex formation is the substitution of the high-enthalpy water molecules in 
the CD cavities by hydrophobic guest molecules (Astray et al., 2009). The physical interactions, 
such as dipole-dipole bonds, apolar-polar interactions, hydrophobic associations or Van der Waals, 
are responsible for complexation between host and guest, with no evidence of forming and/or 
breaking covalent bonds (Schneiderman and Stalcup, 2000). Among these interactions, electrostatic 
and hydrogen bondings significantly affect the shape and structure of the complexes. However, 
depending on particular ICs, some interactions are more important than others. The importance and 
contribution of each types of bonding to complex formation can be well interpreted via multivariate 
quantitative structure-activity relationship analyses (Liu and Guo, 2002). 
 
 
 
 
 
 
 
 
        Figure 2.2: A sketch of guest-cyclodextrin inclusion complexes formation (Szejtli, 1998). 
 
In liquid encapsulation, the ICs are obtained in crystalline form. Followed by the complexation, 
cyclodextrin complexes can crystallize in two basically different patterns, the cage and the channel 
(tunnel) types (Saenger, 1984). These types of crystal arrangement are illustrated in Figure 2.3. The 
cage type results when CDs are packed crosswise (fishbone) or side-by-side (brick bone) in layers, 
with adjacent layers being displaced by about one-half a molecule. In each of these molecular 
arrangements, the internal cavity of a CD is locked on both sides by neighbouring CDs further 
entrapping the guest molecules in isolated cavities. In contrast, channel types are formed when CDs 
are stacked like coins in a roll (head-to-head, tail-to-tail or head-to-tail patterns), therefore cavities 
line up to produce long channels holding guest molecules in a tunnel-like cavity. Crystal packaging 
of cyclodextrin ICs depends on the size and nature of guest molecules. The cage type structures are 
usually formed with small molecular guests, while long molecular and ionic guests induce channel- 
or tunnel-type structures (Saenger et al., 1998). It is difficult to identify exactly which type of 
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pattern would be formed under a particular condition (He et al., 2008). However, in a study reported 
by Caira (2001), a simple and quite high accurate method to predict the crystal arrangement of a 
new cyclodextrin IC was illustrated by matching the experimental X-ray diffraction (XRD) of an 
unknown cyclodextrin IC to a reference XRD representing each type of crystal packaging. The 
reference XRDs were constructed by extracting the full single crystal XRD data files from the 
Cambridge Structural Database and then using other software (e.g. Lazy Pulverix or Mercury) to 
compute the respective XRD pattern from those data files. In this method, degree of matching was 
only based on diffraction angles, with differences in peak intensities being allowed because of 
dissimilarities in the nature of the guest molecules and MC of the crystalline phases being 
compared. There are some reports on crystal data and crystal forms for cyclodextrin ICs with 
numerous solid and liquid guest molecules (Caira, 2001; Saenger, 1985), but there are no reports 
related to cyclodextrin ICs with gas molecules. 
 
 
 
 
 
 
 
 
Figure 2.3: Schemes of possible arrangement of cyclodextrin molecules in crystalline inclusion 
complexes (Adapted from Saenger, 1984). 
 
In a study by Neoh et al. (2006), an alternative method for producing CO2--CD complex powder 
with a yield of 100% was reported. It is  known as “solid encapsulation” in which the encapsulated 
gases are directly compressed to crystalline -CD powder in solid state. In this method, along with 
the dependence of encapsulation capacity on pressure and time of complexation, CO2 encapsulation 
capacity of -CD powder changes with an alteration of the intial MC of the powder. It has been  
reported that at the same encapsulation conditions (e.g. P = 3 MPa, T = 25
o
C and t = 72 h), the 
highest CO2 inclusion ratio was observed for ICs prepared by -CD powder at 10% MC (5.92 g 
CO2/100 g), which was significantly higher than that at 2 and 30% MC (5.06 and 4.88 g CO2/100 g,
 
respectively). Interestingly, the inclusion ratio measured in the complexes prepared by this approach 
was quite similar to that determined in the complexes prepared by the liquid method. However, it 
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was reported by Ho (2012) that the level of ethylene gas complexed by crystalline -CD powder in 
solid form was extremely low (less than 0.014 mol C2H4/mol -CD, P = 1.5 MPa, T = 25
o
C and t = 
48 h). It was explained that the highly tight arrangement of -CD molecules in the crystalline 
structure prevents C2H4 from complexing. Moreover, in this study, the ethylene complexation 
capacity of the other structure of -CD powder, known as the amorphous form which is produced 
by spray drying of -CD solution, was also investigated. Unlike crystalline powder, -CD 
molecules are randomly arranged in amorphous state, by which C2H4 molecules penetrate easily 
into -CD cavity to form ICs. The investigated results showed that C2H4 gas encapsulated into the 
amorphous -CD powder in solid form was 0.45-0.87 mol C2H4/mol -CD, depending on the 
applied pressure and complexation time. These research results have proved that in solid 
encapsulation, the structure of -CD powder has a strong effect on encapsulation capacity, and that 
the amorphous structure of -CD powder is more advantageous in terms of encapsulation capacity 
at low pressure and short time than its crystalline counterpart. However, there has been no such 
study reported for other gases such as CO2.  A diagram illustrating the steps in reported liquid and 
solid encapsulations is shown in Figure 2.4, and their main characteristics are summarized in Table 
2.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Illustration of the reported liquid and solid encapsulation methods. 
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Contray to ICs prepared by the liquid approach, which were found to be stable for months under  
normal conditions, those (e.g. CO2--CD and C2H4--CD complexes) produced by solid 
encapsulation were not stable, especially when prepared from amorphous -CD powder in which 
the encapsulated gas was lost almost completely under normal conditions over several days, even 
over several hours, depending on encapsulation conditions. The reason for the loss is because of the 
amorphous structure of ICs which allows encapsulated gas to escapse easily, and there is no 
mechanism to block the encapsulated gas in the cavities. This suggests that if amorphous ICs 
crystallizes during or after the complexation process, the crystalline structure of ICs might help to 
stablize encapsulated gas in the -CD cavities. However, this process has yet to be investigated.   
 
Table 2.3: Characteristics of the two reported gas encapsulation methods of cyclodextrin powders. 
Characteristic 
Gas encapsulation method 
Liquid encapsulation  Solid encapsulation 
Mechanisms 
Directly compression of gases in 
aqueous solution of CD, followed 
by crystallization, collection and 
dehydration of complexes 
 
Directly compression of gas into 
CD powder in solid state 
Yield Low (< 50%)  High (100%) 
Encapsulation time Long  Short 
Structure of 
complexes 
Always crystalline form 
 Depending on initial structure of 
CD 
Stability High (several months) 
 Low (several days, even several 
hours) 
 
2.2.2.2. Techniques to characterize cyclodextrin inclusion complexes 
Different analytical techniques to characterize cyclodextrin ICs prepared in solution and solid states 
have been well reported. They are summarized in Table 2.4 (Hedges, 1998; Singh et al., 2010). 
These approaches can be also be used to confirm the formation of cyclodextrin ICs based on the 
changes in physiochemical properties of both the guest molecules and parent CDs when the guests 
are incorporated into the CD cavity. In relation to the characterization of gas-α-CD inclusion 
complexes and confirmation of the complex formation, common techniques including scanning 
electron microscope (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), X-ray diffraction (XRD), 
13
C solid-state nuclear magnetic resonance spectrometry (
13
C ss-
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NMR) and Fourier transform infrared spectroscopy (FTIR), have generally been applied (Pereva et 
al., 2015; Ho et al., 2011a; Neoh et al., 2006).  
 
Table 2.4: Analytical methods to characterize cyclodextrin complexes. 
State of IC Analytical method 
Solid 
Thermo-analytical methods: differential thermal analysis (DTA), differential 
scanning calorimetry (DSC), thermogravimetric analysis (TGA) 
Scanning electron microscopy (SEM) 
X-ray diffraction (XRD) 
Single crystal X-ray structure analysis 
Wettability and dissolution tests 
Nuclear magnetic resonance spectroscopy (NMR) 
Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy 
Thin layer chromatography  
Liquid 
Electrochemistry 
Polarography 
Conductivity 
Polarimetry 
Solubility studies 
Spectroscopy methods 
Nuclear magnetic resonance spectroscopy  
Electron spin resonance  
Ultraviolet/Visible (UV-VIS) spectroscopy 
Fluorescence spectroscopy 
Circular dichroism spectroscopy 
pH-potentiometric titration 
Microcalorimetry 
 
SEM provides information about the high resolution of three dimensional images of the topography 
of ICs, based on the signals detected from the interactions between focused electron beams and 
atoms of samples in a high vacuum chamber, by which details of the particle surface of ICs can be 
observed (Todokoro et al., 2003). Under SEM, the changes in the morphology of ICs compared to 
that of raw materials, could be an indicator for the formation of ICs. However, this technique alone 
is not appropriate to confirm the formation of ICs, because the differences in shape of raw materials 
and the IC might be due to the aggregation of particles (Singh et al., 2010). Normally, this 
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technique should be associated with other methods to assess if the cyclodextrin complexes are 
produced. 
 
Thermoanalytical techniques (such as DSC and TGA) are reliable and fast methods to determine the 
thermal properties of ICs. In DSC analysis, the physical properties of ICs, such as melting, glass 
transition, evaporation, crystallization or oxidation, as well as the amount of energy associated with 
those processes, can be easily determined from either the differences in the amount of output 
temperature between the sample and the reference, when they are supplied with the same amount of 
heat (heat flux DSC), or the differences in the input energy which is required to maintain the 
temperature of the sample and reference equally (power compensated DSC) (Clas et al., 1999; 
Lukas and LeMaire, 2009). TGA is another thermal method for determining the thermal stability 
and composition of a substance by measuring the weight changes of the substance as a function of 
temperature under a thermal controlled programme (Coats and Redfern, 1963). During the heating 
process, the sample is subjected to several thermal processes, such as degradation, decomposition, 
vaporization, sublimation or adsorption, resulting in losing or gaining of its weight which is 
expressed as downward or upward peaks on the TGA curve, respectively. Moreover, these 
techniques can be used to characterize the formation of the IC of the CD with guests through the 
changes/differences in the peaks on the thermograms of raw materials and IC. These changes can be 
the broadening, shifting and disappearance of particular peaks, or the appearance of new peaks 
(Singh et al., 2010). The uncomplexed and complexed CDs are expected to show clear differences 
in the peak configuration for mass loss at a given temperature, onset temperature of thermal 
degradation and evaporation of moisture content, or volatile components (Giordano et al., 2001).  
 
XRD is a powerful analytical technique for identifying the structure of cyclodextrin ICs (Kaminski 
et al., 2012). The differences in the structure of samples produce the XRD patterns which differ in 
the number and intensity of peaks, and angular position (Astakhova and Demina, 2004). The XRD 
spectra of gases does not show any peaks, while liquid or amorphous solids with a short range order 
display a wide range or broad diffraction peaks. Solids with a high order structure or crystalline 
states express very sharp and high intensity peaks (Hilden and Morris, 2003). The formation of IC 
of CD with guest molecules leads to the changes, e.g. sharpening, broadening, disappearing, 
shifting or appearing, of the peaks on the XRD diffractograms, depending on the nature of resultant 
ICs (Singh et al., 2010). 
 
13
C ss-NMR is an advanced-analytical method to investigate the molecular structure of solid 
systems through exploiting the effects of external magnetic fields on the magnetic properties of a 
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spin ½ nucleus of 
13
C (Laws et al., 2002). The responses of a spin ½ nucleus to external magnetic 
fields provide an insight of bond angles, internuclear distances and orientation of nuclei 
(Aslimovska, 2007). The changes in the chemical shift and peaks on the NMR spectra of ICs are the 
results of conformational and local magnetic environmental effects caused by guest molecules 
(Heyes et al., 1992). These differences, as compared to the NMR spectra of uncomplexed CD, are  
evidence to confirm the IC formation (Francisco et al., 2012). In order to increase the sensitivity of 
13
C ss-NMR and enhance the resolution of the NMR spectra, this technique is typically equipped 
with proton decoupling and magic angle spinning (MAS), and cross-polarisation (CP), which is 
termed as 
13
C CP-MAS-ssNMR. Similarly, FTIR is another non-destructive spectroscopic 
technique to identify unknown samples or functional groups in the organic compounds (Wehling, 
2010). Infrared energy absorbed by samples is converted to vibrational or rotational energy. 
Functional groups in samples vibrate in different ways, such as stretching (symmetric and/or 
asymmetric) or bending (scissoring, rocking, wagging and/or twisting), depending on their nature. 
As a result, the FTIR spectrum is unique for each substance (Alvarez-Ordóñez and Prieto, 2012). A 
comparison on the FTIR spectra of uncomplexed and complexed CD is a common way to 
characterize IC formation, as well as identify new substances possibly produced during the 
complexation process.  
 
2.2.3. Gas release properties of the inclusion complex 
The interactions of guest molecules within the host CD are not permanent but are rather a dynamic 
equilibrium (Singh et al., 2002). These are the reasons why gases are easily released from the 
complexes. The important environmental factors, which have been shown to be effective in 
controlling the release rate of gases, are humidity and temperature. An increase in humidity and 
temperature will accelerate the release rate of gases from the CD complexes, and gases are almost 
immediately released upon dissolving the complexes in water (Ho et al., 2011b; Neoh et al., 2006; 
Zeller and Kim, 2013). The solubility of CD in water causes the weak physical bindings between 
guests and the CD cavity to be broken, and consequently encapsulated gases escape easily from the 
complexes. The solubility of CD in an aqueous solution is strongly affected by inorganic salts. The 
presence of chloride (Cl
-
) and nitrate (NO
3-
) salts of groups II (Ca
2+
 or Mg
2+
) and III (Fe
3+
 or Al
3+
) 
metals in water results in an increase in CD solubility, while an opposite trend is observed for 
sulphate (SO4
2-
) salts of group I (Na
+
 or K
+
) metals (Coleman and Nicolis, 1993; Eddaoudi et al., 
1996). Therefore, mixing the CD complexes with various inorganic salts can modify the release rate 
of the encapsulated components. Most inorganic salts can absorb moisture from the surrounding 
environment, to liquefy and form saturated salt solution. The phase transformation only occurs at 
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particular RH known as deliquescent RH, which is specific for each type of salt and depends on 
temperature (Lipasek et al., 2012). Therefore, by blending gas-CD complexes with deliquescent 
salts (e.g. CaCl2 and MgCl2), followed by placing this mixture in an high RH environment (higher 
than deliquescent RH of salts), the release of encapsulated gases (C2H4 or 1-MCP) from CD 
complexes can be controlled (Ho, 2013; Kostansek, 2002). 
 
The kinetics for gas release from CD complexes has been studied and reported. Neoh et al. (2006) 
found that the CO2 release rate from CO2-α-CD complexes under various RH levels (5, 33 and 
75%) has been well described by Avrami‟s equation (eq. 2.1), although this model was initially 
developed to describe the crystallization behavior of polymers (Avrami, 1940). Moreover, it was 
reported from a study that the CO2 release was controlled by a diffusion mechanism in which the 
release rate was significantly enhanced in response to an increase in RH (Neoh et al., 2006). 
Similarly, in a study on the release kinetics of ethylene from ethylene-α-CD complexes under 
various RHs (52.9, 75.5 and 93.6%) and temperatures (318, 338, 358 and 378 K), Ho et al. (2011b) 
claimed that both the Avrami and Power law (eq. 2.2.) models can be used to describe the ethylene 
release rate for all conditions, and the former was a much better fit to the experimental data than the 
latter. A Power law model has been commonly used to describe the release rate of solid or liquid 
components in pharmaceutical products (Das et al., 2010). Moreover, Ho et al. (2011b) also found 
that the amount of energy required to activate C2H4 release in the cyclodextrin complexes was 65.9 
kJ mol
-1
.  
 
The Avrami‟s equation is expressed as follows (Avrami, 1940): 
         , (   )-                                                                (      ) 
 
The Powder law is shown in equation (2.2) (Peppas, 1984): 
                                                                                           (      ) 
 
Where X (-) is the release fraction of encapsulated gas at time t (h), k (h
-1
) is the release rate 
constant and n (-) is release mechanism. In equation (2.1), the k and n values can be determined 
from the intercept and slope of a linear plot of ln(-ln(1-X)) versus ln(t), respectively. Theoretically, 
n < 1 (normally n  0.54) represents diffusive release kinetics; n  1 corresponds to first-order 
kinetics, and n > 1 indicates a rapid release with an induction period (Soottitantawat et al., 2004; 
Yoshii et al., 2001). In equation (2.2), the values of n and k depend on the structural and geometric 
characteristics of the release system. The n values of Power law and the release mechanism of 
differently geometrical release systems are shown in Table 2.5 (Siepmann and Siepmann, 2008). 
 25 
  
Chapter 2: Literature Review 
         Table 2.5: n values of Power law and release mechanism of different geometry systems. 
n value 
Release mechanism 
Thin film Cylinder Sphere 
0.5 0.45 0.43 Fickian diffusion 
0.5-1.0 0.45-0.89 0.43-0.85 Anomalous transport 
1.0 0.89 0.85 Polymer swelling 
 
2.3. APPLICATIONS OF GAS COMPLEXES IN AGRICULTURE AND 
FOOD PRODUCTION  
Although there has been a large amount of research on the encapsulation of solid and liquid guest 
compounds in solid matrices (SMs), especially CD powders for food and agriculture applications 
(Bhandari et al., 1999; Dubey et al., 2009; Reineccius et al., 2002; Seo et al., 2010; Shiga et al., 
2001; Singh et al., 2002; Szejtli and Szente, 2005; Szente and Szejtli, 2004), the gas encapsulation 
for this purpose is still in an early stage of development and application. The reasons might be 
related to low adsorption capacity, and inappropriate rate of gas release under desired conditions. 
The first application of gas adsorption into SMs in food areas might be the use of activated carbons 
and/or other adsorbents, such as baking soda (sodium bicarbonate powder), clays or zeolites, for 
deodorization in food storage spaces (e.g. refrigerators, freezers, or other cold storage units) 
(Bermas, 1995; McGowan, 2002). In these cases, adsorbents are normally packaged into porous and 
nonwoven pouches, and then placed in the posts on the back or front panels, or suspended freely of 
the cold storage units. They adsorb unpleasant odours produced by strong smell or spoiled foods via 
the circulation of air inside freezers.  
 
In cases in which adsorbents are in contact directly with food ingredients and become a food 
component, the nature, toxicology and biodegradability of SMs, encapsulation capacity, stability of 
complexes and release rate of gas are important criteria and require to be carefully considered 
(Nedovica et al., 2011). Therefore, only CDs among other potential SMs (e.g. activated carbons, 
carbon nanotubes, zeolites, metal-organic frameworks) are qualified to entrap gases for direct food 
applications. In this field, there have been some research reports. Ho et al. (2011a) complexed 
ethylene gas (C2H4) in α-CD at a pressure range of 0.1-1.5 MPa. The amount of encapsulated gas 
was gas : CD of 1 : 1 mol which is equivalent to about 2.90% C2H4 by weight (w/w). The complex 
powder was stable under normal atmospheric conditions of temperature and pressure, but was 
sensitive to humidity above 75% RH. The gas was almost immediately released upon dissolution 
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into water. This inclusion complex has been successfully tested for its applicability in horticulture 
to promote the ripening process of mangos and the germination of mungbean sprouts. As little as  
100 g of this powder was able to trigger the ripening of 20 tons of mangoes in a container in-transit 
from a farm to a market over a long distance (Ho, 2013; Ho et al., 2016b). For the germination of 
mungbean sprouts, soaking the mungbean with this powder solution at a level 0.525-52.5 mg/100 
mL water significantly improved the rate of seed germination, hypocotyl thickness and uniformity 
in length of mungbean sprouts (Tran et al., 2013).  
 
For some food products such as whipped cream, milk shakes or cappuccino-type beverages, the 
texture of the foam has a great impact on customer preference. A foam is a two-phase system 
consisting of gas pockets separated by thin liquid films (Bikerman, 1960; Joseph, 1997). The foam 
is conventionally produced either by mechanical means (whipping, injection, agitation or bubbling) 
or super-saturation of the liquid with gas (Huppertz, 2010; Walstra, 1989). The preparation of the 
foaming containing food products, especially instant coffee beverages, by these conventional 
methods, requires specialized equipment and is a time-consuming process, while there is an 
increase in the demand for instant alternatives, known as water soluble foaming powder (Zeller et 
al., 2010). This powder can be produced by using food-grade foam-creating chemicals or gas 
complexed carbohydrate matrices. The chemicals used to produce foam are alkali-metal carbonates 
or bicarbonates which release gas (e.g. CO2) when mixed with (hot) liquid, due to a chemical 
reaction. The use of foam-producing chemicals has some shortcomings. Firstly, in order to 
neutralize residue carbonate components and maintain pH of the product at an acceptable level  (pH 
= 5.5-7.0), it requires a food grade acidulant (e.g. alkali metal acid pyrophosphates, mono-calcium 
phosphate, citric acid or gluconolactone) to be mixed with the powder (Agbo et al., 1998; Zeller, 
1998). Moreover, the increasing customer concerns about food safety relative to the negative 
perceptions on the use of chemicals make this approach less favourable and an alternative one is 
needed. In this regard, gas complexed carbohydrate matrices could be the best choice. Upon the 
addition of liquid (cold or hot water and milk) into gas containing matrices, due to the dissolution of 
carbohydrate matrices gas would be released and induce the formation of foam.  
 
The solid matrices used to entrap gases are carbohydrate compounds such as maltodextrin, corn 
syrup, starch, cyclodextrin, or mixtures of these carbohydrates with protein and fat. Gases, which 
could be any inert gases (air, N2, CO2 or their mixture), can be encapsulated into the carbohydrate 
matrices in several ways. The first method involves several steps: (1) the production of the 
powdered matrices in the form of expanded particles produced by spray drying of the aqueous 
matrix concentrate (> 30% solid content, w/w) injected with gas; (2) the subjection of the expanded 
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particle matrix into the inert gas atmosphere at high pressure (less than critical pressure) and 
temperature (normally higher than Tg of the matrix) for sufficient time; and (3) the rapid quenching 
via the reduction of pressure or temperature to the prevent gas escaping from matrix (Bisperink et 
al., 2004). Another approach involves the injection of gas into melting matrix at high pressure and 
temperature using an extruder, followed by the solidification of the matrix under pressure so that the 
gas is entrapped into the solid matrix (Wyss et al., 2008). Moreover, the gas encapsulation into 
carbohydrate matrices can be achieved by compressing gas into internal voids of solid matrices at 
high temperature (Zeller et al., 2010a; Neoh et al., 2006), or by compressing the gas into the 
solution of α-CD at normal temperature (Ho et al., 2011a; Pereva et al., 2015; Zeller and Kim, 
2013).  
 
Gas encapsulation has also been successfully used in the preparation of powdered soluble foamer. 
The mixture of milk, caseinate, maltodextrin, lactose and sucrose was moistened to 15-55%, then 
subjected to extrusion (spray-drying) to create a porous structure which can be used to entrap N2 
gas. As the N2 containing powder was mixed with soluble coffee powder at a ratio of 2 : 8, the foam 
height was enhanced by about 10 times (Bisperillk et al., 2004). Zeller and Kim (2013) investigated 
the use of CO2-α-CD complexes for frothing of cappuccino. They mixed 1.5-3.0 g of the complex 
powder (prepared at 3.4 MPa at 298.15 K for 7 days) with 11.5 g of instant cappuccino mix, and 
then reconstituted it with 150 mL hot water (361.15 K). The froth formation ability of this sample 
was increased by 2-3 times when compared to the sample without the added complexes. A similar 
result in the enhancement of froth height was observed by adding of N2O-α-CD complexes 
(encapsulated at 3.4 MPa, 298.15 K for 3 days) to hot instant cappuccino, cocoa, espresso and 
coffee mixes. The flavor of the products with N2O-α-CD complexes was much better than that with 
the CO2-α-CD complexes which induced carbonation and sensation flavor. The stability of the froth 
was mainly determined by the presence of foam stabilizers in the milk proteins. In another study, 
mixing about 3% N2O-α-CD complex into dough resulted in increasing the oven-baked pizza 
volume by 22% with a uniform internal foam structure. In addition, many other forms of  
production of water soluble foaming powder containing gas entrapped into solid matrices to create 
the froth of coffee beverages have been reported (Agbo et al., 1998; Westerbeek et al., 1995; Furrer 
et al., 1999; Rodríguez Patino et al., 1995; Zeller, 1998; Bisperink et al., 2004; Wyss et al., 2008;  
Zeller et al., 2010a; Chmiel et al., 2005; Fritz, 2003; Zeller et al., 2010b). 
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2.4. CHARACTERISTICS OF CRYSTALLINE AND AMORPHOUS SOLIDS 
Typically, solid matrices can exist in crystalline and amorphous structures, depending on the 
arrangement order of their molecules. The crystalline structure is formed as the molecules are 
tightly packed in a particular order, whereas the amorphous form exists only when the molecules 
are randomly arranged (Coey, 1974). The differences in the molecular arrangement between 
amorphous and crystalline solids results in dissimilarities in their properties, functionalities and 
applicability. These differences are summarized in Table 2.6 and illustrated in Figure 2.5. 
Amorphous materials with higher solubility, better compression ability, but less physical and 
chemical stability when compared to crystalline ones, play an integral role in many situations,  
especially in food and pharmaceutical research (Charumanee, 2004; Pitha, 1988; Yu, 2001). Many 
important food powders have an amorphous structure, such as dairy powders, fruit juice powders, 
honey powders and hydrolysed protein powders. They are the result of the inherent properties of 
many manufacturing processes (Bhandari, 2013). Freeze-, spray-, and drum-drying of a solution or 
milling of solid materials can produce partially or completely amorphous products (Einfalt et al., 
2013).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: The differences between amorphous and crystalline solids and  
their phase transformation. 
 
A typical example of amorphous material is icing sugar produced by the milling of granular sugars. 
This sugar contains a large proportion of very fine amorphous particles, thus allowing it to dissolve 
in water much more easily and quickly than crystal sugars. As a result, icing sugar is preferred for 
the preparation of fruits, milkshakes or any cold beverages, and for cake decoration in bakery 
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production (Asadi, 2006; Chen and Chou, 1993). Another example that demonstrates the 
importance of the production of amorphous powders is silica (silicon dioxide) powders. The 
differences in the molecular structure of silica powders lead to a significant dissimilarity in toxicity 
and subsequently applications. The crystalline silica powders primarily used in the civil engineering 
and construction industries are likely to cause serious pulmonary problems for human if they are 
exposed and/or inhaled, but amorphous silica powders have been approved as a food additive 
(E551) and are used as anticaking,  dispersion, thickening or suspension agents (Merget et al., 
2002). In solid encapsulation of ethylene or volatile compounds (tea tree oil) into CD powders, it 
has reported that complexes produced from amorphous CD structure have higher encapsulation 
efficiency and stability than those prepared from crystalline powders (Meena et al., 2016; Ho, 
2013). In addition, in the pharmaceutical industries, the preparation of solid dispersion systems with 
an  amorphous structure have improved the solubility and bioavailability of low water-soluble drugs 
(Miller and Gil, 2012, Einfalt et al., 2013). The complexes of drugs with amorphous CDs have 
better bioavailability and are well suited well for the delivery of lipophilic drugs through oral 
administration (Pitha, 1988, Charumanee, 2004). 
 
In terms of production, crystalline powders are generally prepared by crystallization of solutes from 
supersaturation of the solution, accomplished by the removal of the solvent through evaporation 
and/or by cooling, or solid crystallization of amorphous powders at high MC, RH and/or 
temperature (Bhandari, 2013). Amorphous solids are thermodynamically in a non-equilibrium state, 
and tend to convert to crystalline (thermodynamically stable) forms during storage and production 
(Bhandari and Howes, 1999). The rate of phase transformation depends on many factors including, 
molecular weight and structure (Karel et al., 1994; Wang and Langrish, 2007), the presence of other 
components (Mahlin et al., 2006; Miao and Roos, 2005), or method of amorphous material 
preparation (Haque and Roos, 2006; Surana et al., 2004; Yonemochi et al., 1999). However, the 
mobility of molecules in the solids is a predominantly rate-controlling factor (Karel et al., 1994). 
The molecular mobility is greatly affected by moisture content of materials (or RH to which the 
materials are exposed) and temperature (Roos and Karel, 1992). The boundary between low 
(glassy) and high mobility (rubbery) of amorphous materials is defined as the glass transition 
temperature (Tg) (Karel et al., 1994). Moisture acts as a plasticizer which lowers the Tg and activates  
energy for rearrangement of molecules in amorphous materials, while the temperature will 
accelerate the mobility of molecules (Wang and Langrish, 2007). Therefore, an increase of RH 
and/or temperature will speed-up the rate of crystallization (Roos and Karel, 1992). The state 
transformation of amorphous materials occurs only when they absorb moisture (by direct addition 
of water or exposing amorphous material to a high RH) at a level high enough to initiate the 
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reorganisation of their molecules into an ordered lattice structure. The amount of water which 
amorphous materials can absorb to induce the phase transformation is known as the critical 
moisture content. Thus, the determination of Tg and critical moisture content for amorphous 
materials is very important in order to prevent or initiate the state transformation for a particular 
application. 
 
Table 2.6: Differences between amorphous and crystalline solids (Ho et al., 2016c). 
Property Amorphous Crystalline  
Structure   
-  Irregular and fairly random 
arrangement 
-  Loosely packed structure 
-  Without having any 
symmetry 
-  Without having interfacial 
angles 
-  Regular and repeating, long 
range order, three dimensional  
geometrical structure 
-  Highly packed structure 
-  Having symmetry 
-  Having interfacial angles 
The strength of bonds between 
ions, molecules or atoms 
Different  and small Equal and large 
Heat of fusion Undefined Defined 
Melting point A wide range of melting points Extremely sharp melting point 
Changes in volume as melting  No sudden change Suddenly changes 
The physical properties (e.g. 
thermal conductivity, electrical 
conductivity, refractive index 
or mechanical strength) 
Different along different 
directions 
The same along different 
directions 
Scattering produced by 
incident X-ray 
Weak and spread throughout 
reciprocal space  
Strong and concentrated into a 
few sharp diffraction peaks  
Adsorption capacity of 
external molecules  
- High 
- Adsorption in porous 
structure 
- Low 
- Adsorption primarily on the 
surface 
Water dissolution ability High and fast Low and slow 
Compressibility High Low 
Flowability 
A mixture of either syrup, 
relatively free flowing and 
sticky powders 
Free flowing 
Density Low High  
Hygroscopicity High  Low  
Internal porosity High Low 
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Amorphous materials are typically prepared by solution-based (e.g. quench-cooling of a melt and 
quickly precipitating or concentrating of solution) and solid-based (e.g. applying mechanical forces 
or dehydration of crystalline hydrates) methods (Hilden and Morris, 2003; Yu, 2001; Einfalt et al., 
2013). The characteristics of these techniques are summarized in Table 2.7. 
 
Table 2.7: Descriptions of typical methods for amorphization of powders (Einfalt et al., 2013).  
Method Characteristic 
Quenching of 
a melt  
- Quenching of the molten powder does not allow molecules to reposition into the order 
structure. 
- High temperature at the melting step might cause the chemical degradation of 
powders. 
Spray drying 
- Rapid water evaporation prevents the molecules from reordering into crystalline 
structure. 
- This process is fast and continuous operation and can be fully-automatically 
controlled. 
- With a wide range of dryer designs with different capacity and production rate, it can 
be applied to a broad spectrum of compounds. 
- With low Tg powders, it is difficult to obtain stable and free flowing amorphous 
products. 
- Stickiness results in the loss of product recovery and negatively affects product 
properties.  
Freeze-drying 
- During cooling, solutes are converted into amorphous solids once the temperature 
drops below the Tg of the maximally concentrated solute, and rapid sublimation of 
water vapour from the solid state at reduced pressure prevents molecules from 
reorganizing into crystalline structure. 
- This process is high cost. 
- Cooling rate greatly affects the degree of amorphization. 
Dehydration of 
crystalline 
hydrates 
(solvates) 
- Water removal during dehydration creates defects (collapse of crystals), providing the 
thermodynamic driving force for subsequent conversion to the amorphous state. 
- This technique is simple to operate  
- This technique is applied only for crystals in hydrated (solvated) form. 
Milling 
- Amorphization occurs during milling due to either generation of localized heating 
effects followed by quenching, or an increase in static disorder, adding to the intrinsic 
dynamic disorder inherent within the lattice up to critical value where the structural 
collapse occurs. 
- Milling is an energy consuming process. 
- High energy input may cause degradation of the product. 
- Milling temperature (Tm) affects the degree of amorphization (partially or completely 
amorphous) and depends on the Tg of product. Tm should be smaller than Tg to induce 
amorphization through milling.  
- There might be a microcrystalline structure remaining as the mechanical method has 
been reported to not completely disrupt all of the crystalline structure. 
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Based on the differences in the properties between amorphous and crystalline solids, many 
analytical techniques have been developed to characterize or distinguish them, as well as to study 
their state transformation  (Yu, 2001). The widely-used methods include X-ray diffraction (XRD), 
differential scanning calorimetry (DSC), 
13
C solid-state nuclear magnetic resonance spectrometry 
(
13
C NMR), scanning electron microscope (SEM), or water absorption (gravimetric). Signals to 
indicate amorphous and crystalline materials, as well as the state transformation observed in various 
analytical methods, are summarized in Table 2.8.  
 
Table 2.8: Signals to indicate amorphous and crystalline materials, and  the state of transformation 
observed in various analytical methods.   
Technique Property measured Amorphous  Crystalline 
XRD 
Degree of crystallinity or 
crystallization kinetics 
Wide range or broaden 
diffraction peaks 
Very sharp and high 
intensity peaks 
DSC 
Degree of crystallinity,  
structural relaxation, glass 
transition temperature or 
crystallization kinetics 
- Glass transition signal  
- Big hum endothermic 
peak for the evaporation 
of water or volatiles  
- Crystallization peak  
- Sharp endothermic peak 
for the evaporation of 
water or volatiles 
13
C NMR 
Structural relaxation, 
changes in peak shape for 
each carbon atoms 
Smooth and broad peak 
for each carbon atom 
Splitting, sharping or 
overlapping of peak for 
each carbon atom.  
SEM Changes of morphology  
Spherical shaped 
particles 
Irregular shaped particles 
Gravimetric 
Changes of water 
adsorption behavior 
High water absorption 
capacity (hygroscopicity)  
Low water adsorption 
capacity (non-
hygroscopicity)  
 
For cyclodextrin powder, the commercial type exists only in crystalline form and there is limited 
information about the properties of amorphous form. Kaminski et al. (2012) investigated the 
influence of cooling of a melt, annealing at high temperature (383-423 K) and ball milling, on the 
changes in CD structure. It was reported that it was impossible to obtain the amorphous structure 
CD by the cooling of a melt because the CD easily experiences chemical degradation (e.g. 
caramelization) during heating. Unlike the annealing using the high temperature approach which 
caused only a small part in CD structure to undergo transformation, the ball milling approach at 
room temperature induced complete transformation of the CD structure (i.e. achieved completely 
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amorphous CD powders). However, the authors were unable to determine the precise Tg of ball-
milling amorphous CD by conventional DSC scanning and estimated that its Tg was well above the 
thermal degradation point. A similar result was also reported for amorphous ball-milled β-CD 
powder (Tabary et al., 2011). Its Tg was found to be about 292
o
C, while the thermal degradation of 
the material occurs at 270
o
C. Besides the ball milling approach, spray drying of a CD solution is 
another effective method to obtain amorphous α-CD powder (Ho, 2013). The evaporation of 
moisture during spray drying occurs so rapidly that the solute does not have enough time to 
crystallize (Bhandari and Hartel, 2005; Vega and Roos, 2006). However, these studies only proved 
that amorphous CD powders can be produced by ball milling and spray drying, but did not 
investigate the amorphous CD properties, especially their water adsorption capacity and Tg.  
 
2.5. PROPERTIES OF CARBON DIOXIDE GAS AND ITS APPLICATIONS 
IN AGRICULTURE AND FOOD PRODUCTION 
2.5.1. Properties of carbon dioxide 
Carbon dioxide (CO2), a colourless, apolar and non-flammable gas, accounts for about 0.03% (v/v) 
of atmospheric gas composition (Subramani, 2012). A CO2 molecule has a linear and 
centrosymmetric arrangement consisting of two oxygen atoms covalently double-linked to a carbon 
atom (OCO), having a longitudinal dimension of 0.232 nm. Because of this characteristic, CO2 
has no net dipole moment at an equilibrium state (Greenwood and Earnshaw, 1997; Smith, 1999). 
Under infrared radiation, it has four vibrational modes including, a symmetric stretch (1390 cm
-1
), 
an antisymmetric stretch (2350 cm
-1
) and two modes of degenerate bends (667 cm
-1
). Among these 
modes, the symmetric stretch does not induce any change in dipole moment, thus it is not infrared 
active.  Moreover, since two degenerate bends occur with the same harmonic vibrational frequency, 
only two primary peaks (2350 and 667 cm
-1
) are observed on the infrared spectrum of CO2 gas 
(Kuhn et al., 2009). These make the FTIR analysis become an indispensable approach to confirm 
complexation formation between CO2 gas and solid matrices. However, it was noted that as the CO2 
gas is complexed into solid matrices, a shifting of the peak at 2350 cm
-1
 and a decrease of the peak 
intensity (even disappearance of the peak) at 667 cm
-1
 on the infrared spectrum of complexed solid 
took place (Graham et al., 2002; Jamróz et al., 1992; Keresztury et al., 1980; Neoh et al., 2006).  
 
Carbon dioxide can exist as a gas, solid and liquid, depending on its temperature and pressure. 
Figure 2.6 illustrates a phase diagram of CO2. A triple point is a condition in which three phases 
(gas, liquid and solid) of CO2 co-exist in thermodynamic equilibrium, while a critical point is the 
state above which there is no difference between the liquid and gas phases, where CO2 has 
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properties of both liquid (density) and gas (viscosity and diffusivity) states. Therefore, under  
supercritical conditions, mass transfer rate and solvent power of CO2 fluid are high and change  
significantly with small changes in pressure and temperature (Rodríguez-Rojo et al., 2013). Table 
2.9 shows some of the physical properties of CO2 (Metz et al., 2005; Pierantozzi, 1993). More 
information on the transport and thermodynamic properties of CO2 have presented elsewhere 
(Vesovic et al., 1990; Anwar and Carroll, 2011).  
 
   Table 2.9: Physical properties of CO2. 
Property Parameter 
Molecular structure  O=C=O, linear 
Molecular weight  44.011 g/mol 
Sublimation point 0.101 MPa & 194.65 K 
Triple point 0.518 MPa & 216.65 K 
Critical point 7.383 MPa & 304.45 K 
Critical density 467 g/L 
Boiling (sublimation) point (0.1 MPa) 194.5 K 
Acidity (pKa) 6.35 (10.33) 
Gas phase  
Gas density (273 K & 0.101 MPa) 1.976 g/L 
Solubility in water (298.15 K & 0.1 MPa) 1.45 g/L 
Heat capacity Cp (273 K & 0.101 MPa) 0.0364 kJ/(mol
 
K) 
Heat capacity Cv (273 K & 0.101 MPa) 0.0278 kJ (mol K) 
Viscosity (273 K & 0.101 MPa) 13.72 μPa.s 
Thermal conductivity (273 K & 0.101 MPa) 14.65 W/(mK) 
Enthalpy (273 K & 0.101 MPa) 21.34 kJ/mol 
Entropy (273 K & 0.101 MPa) 117.2 J mol/K 
Liquid phase  
Liquid density (253 K & 1.97 MPa) 1032 g/L 
Viscosity (273 K & 0.101 MPa) 99 μPa.s 
Vapour pressure (253 K) 5.85 MPa 
Solid phase  
Density of CO2 snow at freezing point 1562 g/L 
Latent heat of vaporization (0.1013 MPa at sublimation point) 571.1 kJ/kg 
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Figure 2.6: A diagram of CO2 states (Metz et al., 2005). 
 
2.5.2. Applications of carbon dioxide in agriculture and food production 
Industrially, CO2 can be produced by combustion of carbonaceous fuels (e.g., methane), coal, wood 
or generic organic matter, fermentation of sugar, thermal decomposition of limestone, capturing by-
products of the industrial production of hydrogen and ammonia synthesis, or obtaining it from 
natural CO2 gas wells (Kaliyan et al., 2007). In agriculture and food production, CO2 in solid, 
liquid, gas or supercritical states have been widely used due to its low-cost, inertness, non-
corrosiveness, non-oxidization, high volatility, cooling ability, ability to stimulate taste sensation, 
and ability to inhibit certain food-spoiled microorganisms. The applications of CO2 in various forms 
in food industries are summarized in Table 2.10 (Bisperink et al., 2004; Kaliyan et al., 2007; 
Kleiner et al., 1981). 
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The safe use of CO2 means being aware of its properties and associated hazards. CO2 exists in 
liquid form only at very high pressure and/or very low temperature, thus the use of liquid CO2 
requires high pressure operating systems. Similarly, CO2 gas is commercially stored in highly 
pressurized cylinders. Therefore, the use of CO2 in both liquid and gas states requires special care to 
protect against explosion hazards and human health concerns due to possible leakage of CO2. 
Regarding the solid form of CO2 known as dry ice, direct contact with dry ice without insulated 
gloves or other appropriate tools causes frostbite due to its extremely low temperature (-78.6
o
C). 
Under normal conditions, dry ice transforms quickly to the gas phase without undergoing a liquid 
phase. Therefore, the storage and transportation of dry ice in airtight containers can lead to the 
accumulation of large amounts of gas which may cause the container to explode. The containers 
must be stored in special freezers in which the temperature is lower than the temperature of dry ice. 
The accidently leaking of CO2 from highly pressurized cylinders and the unknown sublimation of 
dry ice leads to an increase of CO2 level in the air. At a high concentration (> 1.0%, v/v), CO2 acts 
as an asphyxiant and has toxicological effects with symptoms such as headaches, tiredness, 
increased breathing rate, visual impairment or even loss of consciousness, depending on the CO2 
concentration (Energy Institute, 2010).  
 
Regarding food preservation using CO2, especially in modified atmosphere packaging (MAP), three 
mechanisms by which CO2 reduces the rate of respiration of products and inhibits the development 
of microorganism are: (1) replacement for oxygen which is a stimulator for many deteriorating 
reactions, (2) formation of weak carbonic acid resulting in pH reduction which induces the changes 
in the cell membrane functions of microorganism and enzymes, and (3) direct effects to the 
metabolism of microorganisms (Hotchkiss et al., 2006; Phillips, 1996; Singh et al., 2012). However, 
the effectiveness of the use of CO2 as an microbial-inhibitor depends on many factors including,  
CO2 concentration, partial pressure, volume of headspace, CO2 treatment temperature and time, 
types of present microorganism, phase of microbial development, composition and properties of 
dairy products (aw, pH or state of products) (Singh et al., 2012). In MAP approaches, the 
introduction of CO2 to extend the shelf-life of highly viscous or semi-solid products, especially 
dairy products such as butter or cheese, by gas flushing has some constraints, including: (1) it 
requires substantial package headspace to act as a CO2 reservoir, (2) it is very difficult for CO2 to 
diffuse throughout the products during the application and the concentration dissolved in the 
product is usually low, both of which could result in microbial growth or quality depletion in the 
interior parts of the product, (3) dissolution of CO2 into the product after flushing with the gas leads 
to collapsing of package which might decline customer preferences. Therefore, an innovative idea 
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to encapsulate CO2 gas molecules into α-CD powder to produce food-grade CO2 containing powder 
would address the above drawbacks.  
 
2.5.3. Analytical methods to determine CO2 concentration in food products 
In food industries, several methods to quantify CO2 concentration have been reported. The 
measuring principle and some characteristics of these approaches are summarized in Table 2.11. 
 
Table 2.11: CO2 measuring methods used in food production. 
Method Operating principle Characteristic Reference 
Gas 
chromatography 
- Samples are treated to release 
completely CO2 into headspace of 
containers. 
- The air in the headspace is 
withdrawn and injected into GC 
equipped with thermal 
conductivity detector. 
- High cost equipment 
- Skilled operator 
requirement 
- Standard curve requirement 
- Short-time analysis 
- High specific, accurate and 
precision with very small 
amount of CO2 in samples 
Avital et al. 
(1990); Mohr et 
al. (1993) 
Chemical method 
(acid-base 
titration) 
The amount of base (NaOH or 
Ba(OH)2) remaining after reacted 
with CO2 in the samples is 
measured by titration of the 
solution with acid solution (HCl). 
- Complexities in chemical 
solution preparation and 
titration 
- Time-consuming (18-24 h) 
-  Medium cost 
Jakobsen and 
Bertelsen 
(2004); Neoh et 
al. (2006); 
Keener et al. 
(2001) 
Thermal 
gravimetric - 
mass 
spectrometry  
(TG-MS) 
The samples are heated in TGA to 
release gases which will be 
transferred to MS where 
components can be identified and 
quantified. 
- Possibility of real time 
measurement 
- Very sensitive 
- Skilled operator 
requirement 
- Expensive equipment 
Pereva et al. 
(2015) 
Foam rise method 
- A mixture of protein (skimmed 
milk) and xanthan gum is used to 
produce and stabilize the foam 
which will entrap released CO2 
gas. 
- Amount of entrapped CO2 is 
calculated from difference of the 
volume of foam before and after 
addition of the samples. 
- Simple operation 
- Low cost 
- Possibility of inaccuracy 
due to dependency on many 
factors (e.g. volume, density 
and temperature of foam) 
Pereva et al. 
(2015); Zeller 
and Kim (2013) 
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Method Operating principle Characteristic Reference 
Infra-red 
headspace 
analyzer (optical 
CO2 sensors). 
- Infrared (IR) light passes through 
analysis chamber and a filter (which 
allows the transmission of radiation 
only in the CO2 wavelength band) 
toward to an IR light detector. The 
difference between the amount of IR 
light source and the amount of IR 
light received by the detector is 
proportional to the number of CO2 
molecules in the analysis chamber. 
- The samples are treated to 
completely release the CO2 into the 
container headspace. 
- The headspace air is injected into a 
IR analyzer by manual or automatic 
sampling. 
- Low cost 
- Possibility of continuous 
measurement 
- Easy to operate 
- Compact size 
- High accuracy and 
precision 
 
Lee and Lee 
(2001); Ma et al. 
(2001); 
Neethirajan et al. 
(2009); Glass et 
al. (1999); 
Bültzingslöwen 
et al. (2002) 
Electrochemical 
probes (solid 
state electrolyte 
sensors). 
- The concentration of CO2 gas 
which is oxidized or reduced at an 
electrode is measured by nanosensors 
and nanoenabled sensors.  
- These sensors can be classified into 
amperometric, conductometric and 
potentiometric, in which an 
electromotive force, electric current 
and current-voltage relationship is 
analyzed, respectively. 
- Sensor materials could be ceramics, 
metal oxides, polymers, or sol-gels. 
- Possibility of operating 
under extreme conditions  
- Small size 
- High sensitivity 
- Online measurement 
- Low cost 
- Limited measurement 
accuracy 
- Possibility of long 
response time 
- Modest power 
requirement 
Neethirajan et al. 
(2009); Schaller 
et al. (1998); 
Manoukian et al. 
(2010) 
Manometric 
(volumetric) 
methods 
- Samples are treated to release 
completely CO2 into headspace of 
chamber. 
- The changes in the pressure of CO2 
released from samples in a known 
volume chamber are recorded and 
covered to amount of CO2 based on 
gas law equations. 
- Simple operation 
- Low cost 
- Temperature 
dependency 
- Individual analyses 
- Long time preparation 
and clean up 
- Possibly of inaccuracy at 
low CO2 concentration  
Liplap et al. 
(2014); Fava and 
Piergiovanni 
(1992); Zhao and 
Wells (1995); 
Devlieghere and 
Debevere (2000); 
Lee (2014) 
 
2.6. CONCLUSION FROM THE LITERATURE REVIEW 
Among many solid matrices (activated carbon, carbon nanotube, zeolite, metal-organic framework 
and CD) which can be used for gas encapsulation/adsorption, -CD powder is an ideal to entrap 
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gases for subsequent release for food and agriculture applications, especially for those for which  
direct contact between the food products and complexes is required. This is because -CD is free of 
toxicity and considered as a food ingredient. The use of CO2 gas from conventional sources has 
limitations in terms of safety, handling and storage, particularly in cases where a small amount of 
CO2 gas is required. These shortcomings can be addressed through the production of CO2 
containing powder. Moreover, the production of CO2 powder could also potentially help to 
overcome the drawbacks of the use of CO2 gas in the MAP process for semi-solid food products. 
Directly mixing CO2 powder with semi-solid products, instead of flushing it into the headspace of 
packaging as is the current practice, will distribute the CO2 thoroughly in the products, and thereby 
preserve the interior product quality. One of potential applications of CO2 powder, which is 
investigated in this study, is for the extension of the shelf-life of cottage cheese curds.  
 
In reported studies on CO2 encapsulation into -CD, complexation was undertaken by compressing 
the gas into the solution of α-CD, followed by crystallization, precipitation, filtration and 
dehydration of CO2 complexed crystals to a safe MC level. This process has been known as liquid 
encapsulation.  The process is time-consuming (takes several days) and has a low yield (less than 
50%).  Due to the weaknesses, this approach has not been adopted for commercial purposes.  An 
alternative approach is solid encapsulation through pushing CO2 into the solid state of α-CD.  
However, commercial α-CD powder does exist in crystalline form with tight and ordered molecular 
structure, which prevents the gas from diffusing from the interior of the crystals, especially at low 
pressure and in a short encapsulation time. In this method, CO2 gas molecules are likely to be 
adsorbed onto the surface of crystalline α-CD particles or spaces among particles, instead of being 
encapsulated into α-CD cavities. Therefore, the stability of CO2 complex powder produced by this 
method is much lower than that produced by liquid encapsulation, although they have the same 
crystalline structure (Neoh et al., 2006). In a recent report by Bhandari and Ho (2014) it was 
indicated  the amorphous form of α-CD powder can be produced by spray drying of α-CD solution, 
with the compression of ethylene gas directly into amorphous α-CD powder significantly shortening 
the encapsulation time. However, there is a limited information on the properties of amorphous α-
CD powder produced by spray drying, and there are no reports on the CO2 gas encapsulation 
capability of amorphous CD powder in the solid state. Amorphous α-CD powders are non-
equilibrium thermodynamics and tend to experience several physical changes to obtain their 
crystalline state during storage. Therefore, an investigation of the properties of amorphous α-CD 
powders (especially about their molecular structure and water adsorption behavior) could provide 
essential information to prevent or initiate phase transformation of α-CD powder for a particular 
application, as well as for studying the complexation of α-CD powder with guest compounds. In 
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summary, this research project aimed to study the properties of amorphous α-CD powder produced 
by spray drying, and to develop a methodology to produce CO2 complex powder with high capacity 
and stability from amorphous α-CD powder via the solid encapsulation technique.  
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Chapter 3 
 
Characterization of Crystalline and  
Spray-Dried Amorphous Alpha-Cyclodextrin Powders 
()
 
 
ABSTRACT 
Alpha-cyclodextrin (α-CD) powder has been used to encapsulate organic compounds for various 
applications. In order to study the complexation of α-CD powder with guest compounds, an 
understanding of the physical properties of α-CD powder including molecular structure and water 
adsorption behavior is essential. The two known types of α-CD powder structure are crystalline and 
amorphous. However, commercial α-CD powder exists only in crystalline form and there is no 
reported information on the properties of amorphous α-CD powder. This study aims at the 
characterization and comparison of the properties of commercial (crystalline structure) and spray-
dried α-CD powders. The results of SEM, X-ray, FTIR, DSC, PSD, TGA and 13C solid-state NMR 
analyses indicated that spray-dried α-CD powder was in an amorphous form with spherical shape 
particles (mean diameter 13.28 μm), and its glass transition temperature was about 83.4oC. The 
spray-dried α-CD powder crystallized when kept above 65.30% equilibrium relative humidity 
(ERH), corresponding to 13.70-14.97 g of moisture/100 g of dry solids. In the moisture adsorption 
study, at the same ERH levels, amorphous α-CD powder adsorbed much more moisture than 
crystalline α-CD powder, and its adsorption isotherm data were fitted well with both BET and GAB 
models at a low RH range (< 65.30% ERH). A poor fitting to a wider RH range (ERH = 11.12-
97.30%) of the GAB model was due to the crystallization of amorphous α-CD powders equilibrated 
at above 65% RH. 
 
Keywords: amorphous α-cyclodextrin powder, spray drying, re-crystallization, moisture adsorption, 
relative humidity.  
                                                 
()
 This chapter has been published as a research paper in Powder Technology (IF = 2.942): HO, T. M., HOWES, T. & 
BHANDARI, B. R. 2015. Characterization of crystalline and spray-dried amorphous α-cyclodextrin powders. Powder 
Technology, 284, 585-594. A part of the results from this chapter has been incorporated into a book chapter: HO, T. M., 
TRUONG, T. & BHANDARI, B. R. 2017. Spray-Drying and Non-Equilibrium States/Glass Transition. In 
BHANDARI, B. R. & YRJÖ R. (Eds.), Non-Equilibrium States and Glass Transitions in Foods, Processing Effects and 
Product-Specific Implications. Chapter 5, p. 111-136. Duxford: Woodhead Publishing. The manuscripts were modified 
to keep the format consistent throughout the thesis. 
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3.1. INTRODUCTION   
Typical cyclodextrins are constituted with  6, 7 and 8 glucopyranose units (known as α-, β- and γ-
CDs, respectively) linked to each other to form a truncated-cone shaped molecule with a 
hydrophobic internal cavity and a hydrophilic outer surface (Del Valle, 2004). With the smallest 
interior cavity (0.47-0.53 nm) among three types of CDs, α-CD was  found to be the most suitable 
solid matrix to form complexes with hydrophilic organic molecules having less than five carbon 
atoms, especially gas molecules, because the smaller cavity offers more interaction and better 
binding force between these molecules and the cavity walls (Hedges et al., 1995). Moreover, α-CD 
is generally recognized as safe by the US Food and Drug Administration (FDA) and is identified as 
novel food by Food Standards Australia New Zealand (FSANZ). As a result, many studies on gas 
encapsulation using α-CD powder have been reported (Bhandari and Ho, 2014; Ho et al., 2011; 
Neoh et al., 2006; Neoh et al., 2007; Zeller and Kim, 2013). Gas complexes of α-CD powder have a 
wide range of potential applications in food and agriculture production (Ho et al., 2014). Besides 
complexation with gas, α-CD powder has a great ability to form inclusion complexes with different 
kinds of liquid or solid guest molecules (Bongiorno et al., 2005; Hedges, 1998; Loftsson and 
Duchene, 2007; Shin et al., 2004; Trichard et al., 2008). 
 
Gas complexation can be performed either by liquid encapsulation in which the gas is compressed 
into the solution of α-CD, followed by crystallization, precipitation, collection and dehydration of 
complex solids, or by solid encapsulation in which the gas is pushed directly into α-CD powder in 
solid state. Of these, the solid encapsulation is more advantageous in terms of encapsulation time 
and yield than the liquid method. However, in solid encapsulation, the structure of α-CD powder 
has a major impact on the encapsulation capacity and the stability of formed complexes (Bhandari 
and Ho, 2014). The two known types of α-CD powder structure are crystalline and amorphous. The 
commercial α-CD powder exists in crystalline form with a tight and highly ordered molecular 
structure which does not allow the diffusion of gas molecules at the interior of the crystals, 
especially at low pressure and short time of encapsulation. On the other hand, the amorphous state 
of α-CD powder with a random distribution of molecules can enhance the complexation process 
(Ho, 2013). Amorphous α-CD powder can be produced by ball milling (Kaminski et al., 2012) or 
spray drying (Bhandari and Ho, 2014). However, there is no reported information on physical 
properties of amorphous α-CD powder, especially its structure at a molecular scale, which is 
essential to the investigation of the complexation process of α-CD powder.  
 
Amorphous materials are thermodynamically in a non-equilibrium state, and therefore tend to 
convert to crystalline (thermodynamically stable) structure during storage. The rate of this 
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transformation depends primarily on temperature and RH (Vega and Roos, 2006). When stored in a 
high RH environment, they adsorb moisture and subsequently recrystallize (Andronis et al., 1997). 
An amorphous structure is only relatively stable when kept at a temperature below glass transition 
temperature (Tg) (Vega and Roos, 2006). Therefore, an understanding of the behavior of moisture 
adsorption and the knowledge of Tg are important to predict the stability of amorphous powder, by 
which they can provide noteworthy information to prevent or initiate the amorphous-crystalline 
state transformation, depending on its use. Recently, Kaminski et al. (2012) reported that the Tg of 
amorphous α-CD powder prepared by ball milling was above its thermal degradation temperature 
(297oC) and DSC scan did not show any signal of glass transition. However, from its molecular 
weight, it may be possible that its Tg is lower than the reported value, and the ball milling method 
often results in the generation of a partially disordered material system, as the entire aligned 
molecules cannot be redispersed in a random order by mechanical force alone (Craig et al., 1999). 
Therefore, further investigation on the Tg of amorphous α-CD produced by spray drying using DSC 
is required.   
 
The objectives of this research were to characterize and compare various physical properties of 
commercial (crystalline) and spray-dried (amorphous) α-CD powders using various frontier 
analytical techniques (SEM, X-ray, NMR, PSD, FTIR, DSC and TGA). The critical RH and 
moisture level for amorphous-crystalline transformation of amorphous spray-dried α-CD powder 
were also investigated. 
 
3.2. MATERIALS AND METHODS 
3.2.1. Materials  
Crystalline α-CD powder (99% purity) was purchased from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany) and stored in a dry and airtight container, until it was used for 
experiments. All other chemicals used in this study were of analytical reagent grade.  
 
3.2.2. Spray-dried α-CD powder preparation 
Amorphous α-CD powder was prepared by spray drying of α-CD solution. Because water solubility 
of crystalline α-CD powder at 25oC is 14.5% (w/v), a lower concentration solution (10%, w/v) was 
prepared so that there were no undissolved crystals in the solution (Del Valle, 2004). The solution 
was stirred for at least 30 min prior to spray drying. An Anhydro spray dryer was used for this 
experiment at The University of Queensland, Australia, the spray dryer being equipped with a twin 
fluid nozzle and having a water evaporation capacity of 3-4 L/h. The compressed air inlet of the 
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atomizer was set at 40 kPa. The air inlet and outlet temperatures were controlled at 180 and 80oC, 
respectively. Spray-dried α-CD powder was collected in the separation cyclone and kept in a dry 
and airtight container for further analysis.  
 
3.2.3. Characterization of α-CD powders 
3.2.3.1. Moisture content and water activity 
The water content of samples was determined by AOAC 925.45 (AOAC, 1996). About 1 g of 
samples was weighed into aluminum dishes and dried in a Thermoline vacuum oven at 70oC, 
(absolute pressure 80 kPa) (Scientific Equipment, Australia). At 2 h intervals, the dishes were 
withdrawn from the oven and cooled to room temperature in a desiccator with silica gel about 20 
min before weighing. This process was repeated until the mass change of samples between 
measurements was less than 2 mg.  
 
The water activities (aw) of samples were measured using an AquaLab 3 Water Activity Meter with 
a sensitivity of 0.001 (Decagon Devices, Inc., Pullman, USA) at 25oC. The meter was calibrated 
with standards of saturated salt solutions for each measurement time. 
 
3.2.3.2. Scanning electron microscopy (SEM) 
The SEM analysis of samples was done by using a JEOL JMS 6460LA Scanning Electron 
Microscope (Jeol Ltd., Tokyo, Japan). The samples were fixed on a double-sided carbon tape and 
then dried in a desiccator with silica gel for at least 24 h before being coated with iridium (in argon) 
at 15 mA for 100 s (MED 020 Suptter Coater,  BalTec Maschinenbau AG, UK). The coating was 
repeated at least two times by rotating the samples so that the coating layer was uniform. The SEM 
scans were performed with a working distance of 10 cm and an accelerating voltage of 15 kV. 
 
3.2.3.3 Thermal analysis 
Thermal properties of samples were characterized by differential scanning calorimetry (DSC) 
method and thermogravimetric analysis (TGA). For DSC, a calorimeter (Mettler Toledo, 
Switzerland) was employed and 4-5 mg of samples was sealed in an aluminum pan by a pin-hole lid 
or normal lid, depending on the analysis. The range of thermal scanning was 25-250oC, with a 
heating rate of 10oC/min. For amorphous α-CD, the heating rate ranging from 10oC/min to 
50oC/min was tested to determine a suitable heating rate to detect Tg. The purge gas was nitrogen. 
The calorimeter was calibrated by indium before performing the analyses. A similar DSC analytical 
procedure was used for TGA (in which a thermogravimetric analyzer, Mettler Toledo, Switzerland 
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was used), but with a higher temperature range (25-400oC), large samples (8-10 mg) and the use of 
hydrogen as the purge gas.  
 
3.2.3.4. X-ray diffraction analysis 
X-ray diffractograms of samples were obtained by using the Bruker Advance MK III X-ray 
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany). The measurement was performed with a 
voltage and current of 40 kV and 30 mA, respectively, by using Cu radiation and a graphite 
monochromator at 25oC with 1oC/min and an angular range of 2θ = 3-30o. The step size and time 
constant were 0.02o and 1 s, respectively.  
 
3.2.3.5. 13C solid-state nuclear magnetic resonance spectrometry (13C solid-state NMR) 
NMR spectra of samples were recorded by using a Bruker Advance III NMR (Bruker AXS GmbH, 
Karlsruhe, Germany) equipped with cross-polarization and magic-angle spinning (CP/MAS) at 300 
MHz and high-power 1H dipolar decoupling. During measurement, the power dipolar decoupling 
was about 7.5 dP and Zirconia rotors were employed to spin the samples at the speed of 5 kHz. 
Topspin NMR software was used and the spectral width was 300 ppm maximum.  
 
3.2.3.6. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of samples were recorded by using a FTIR Spectrometer Attenuated Total Reflectance 
(ATR) Spectrum 100 (PerkinElmer Ltd, Beaconsfield, UK). The scanning frequencies ranged from 
4000 to 650 cm-1. Spectra resolution was 4 cm-1 and the number of scans was 16. The data were 
expressed as intensity of infrared absorbance of samples as a function of wavenumber (cm-1). 
 
3.2.3.7. Determination of particle size distribution (PSD) of α-CD powders 
The particle size distribution of crystalline and spray-dried α-CD powders was determined using a 
laser light scattering analyzer (Malvern Mastersizer 2000, Malvern Instruments Ltd., 
Worcestershire, UK). A mixture of 2 g of samples and 10 mL isopropanol was slowly added to 
isopropanol, which was used as dispersant, until an obscuration rate of 15% was reached in the 
particle size analyzer. The particle size of samples was calculated based on Mie theory (Stojanovic 
and Markovic, 2012) with refractive indices of CD powder and isopropanol being 1.59 and 1.37, 
respectively, and with an assumption of spherical particles. 
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3.2.4. Water sorption properties of α-CD powders 
Crystalline and spray-dried α-CD powders were dried at 70oC over 48 h in a vacuum oven (absolute 
pressure 80 kPa) (Scientific Equipment, Australia) to obtain samples which were effectively bone 
dry. About 1 g of these samples was immediately transferred into pre-weighed plastic dishes.  These 
dishes were then put on a platform of desiccators with different relative humidity (RH) levels which 
were created by saturated salt solutions. These salts were LiCl, CH3COOK, MgCl2, K2CO3, 
Mg(NO3)2, NaNO2, NaCl, KCl, and K2SO4 with % RH of 11.15, 22.60, 32.73, 43.80, 52.86, 65.29, 
75.32, 84.32 and 97.30, respectively. The saturated salt solutions were prepared at least 24 h before 
performing the experiment, and RH level for each salt solution was checked using a hygrometer 
(Digital Thermo Hygrometer Temptec, Mextech Technologies India Private Limited). For the 
desiccators with higher than 65.29% ERH, a small glass vial containing about 1 mL of toluene was 
used to prevent microbial growth during the experiments. All desiccators were hermetically sealed 
and kept in an incubator at 25oC for 3 weeks.  
 
The relationship between aw and moisture content (MC) can be described by many mathematical 
models, including Brunauer-Emmett-Teller (BET), Guggenheim-Anderson-de Boer (GAB), Halsey, 
Henderson, Oswin and Smith models (Al-Muhtaseb et al., 2002). Of these, the BET and GAB 
models are the most commonly accepted and representative models to characterize water adsorption 
of various food materials (Sablani et al., 2007). While the BET isotherm describes water adsorption 
well at a low range of aw (aw < 0.35), the GAB allows the prediction of  water adsorption at aw up to 
0.90 (Al-Muhtaseb et al., 2002). In this research, BET and GAB models were used to describe the 
water adsorption characteristics of spray-dried α-CD powder, as these models are commonly 
applied to carbohydrate materials. 
 
3.2.4.1. The BET isotherm 
The BET isotherm is given as a two-constant equation (3.1). In this equation, M is the moisture 
content (g/100g dry solids), Mo is monolayer moisture content (g/100g dry solids), CBET is BET 
constant relating to the heat of adsorption of monolayer and aw is water activity.  
 
 
𝑀
𝑀 
 
𝐶   𝑎 
( − 𝑎 )( − 𝑎 + 𝐶   𝑎 )
                                               (   3  ) 
 
The BET isotherm constants (CBET and Mo) are calculated from the slope and intercept of a straight 
line regression of a plot of [aw/(1-aw)*M] and aw.  
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3.2.4.2. The GAB isotherm 
The GAB isotherm, a three-constant model, is shown in equation (3.2). In this equation, CGAB and K 
are GAB constants relating to the heat of adsorption of the monolayer and multilayer, respectively.  
 
      𝑀  
𝑀 𝐶   𝐾𝑎 
( − 𝐾𝑎 )( − 𝐾𝑎 + 𝐶   𝐾𝑎 )
                                           (   3  ) 
 
When the values of α, β and γ are defined as in equations (3.3), (3.4) and (3.5), respectively, the 
GAB isotherm would become a second-order polynomial quadratic equation (3.6). 
 
α =
K
Mo
[
1
CGAB
-1]                                                                                (   3 3) 
 
β =
1
Mo
[1-
2
CGAB
]                                                                               (   3 4) 
 
γ =
1
KCGABMo
                                                                                    (   3 5) 
 
𝑎 
𝑀
 𝛼(𝑎 )
 + 𝛽𝑎 + 𝛾                                                                  (   3 6) 
 
The GAB isotherm constants, CGAB, K and Mo, are calculated from α, β and γ values, which are 
found by a 2nd order regression of equation (3.6).  
 
The goodness of fit of the models is evaluated based on the percentage of root mean square 
deviation (% RMSD) shown in equation (3.7) (Shrestha et al., 2007); 
% 𝑅𝑀𝑆𝐷  
√∑ (
             
      
)
 
 
   
𝑁
∗  00%                                     (   3 7) 
 
where Mexp is the experimental moisture content (g/100g dry solids), Mpre is the predicted moisture 
content (g/100g dry solids), and N is the total number of experimental points. 
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3.2.5. Effects of relative humidity on amorphous α-CD powder properties 
In order to evaluate the effects of different RH levels on changes in the properties of spray-dried α-
CD powder and its storage stability, the experimental procedure described in section 3.2.4 was 
repeated. Samples kept at various levels of RH in an incubator at 25oC for 3 weeks were then 
subjected to X-ray, SEM, FTIR and DSC analyses. 
 
3.2.6. The design of experiment and statistical analysis 
The experiments were performed following a completely randomized design with at least two times. 
During the fitting of water adsorption data of amorphous -CD powder to BET and GAB 
isotherms, the constants of these models were optimized by minimizing the % RMSD values using 
Excel Solver Program. For the characterization of -CD powders, each criterion was repeated at 
least two replications. The data were subject to analysis of variance (ANOVA) at significance level 
p = 0.05 using the Minitab® Released 16 statistical programme (Minitab Co., USA). Tukey‟s 
multiple comparison test was employed to differentiate between mean values. 
 
3.3. RESULTS AND DISCUSSION  
3.3.1. Characterization of α-CD powders 
3.3.1.1. Spray drying recovery, moisture content and water activity 
After drying, about 83.55 ± 2.52% of the total amount of α-CD powder solids used to prepare the 
initial α-CD solution could be recovered, of which a large proportion was collected from the 
cyclone (62.19 ± 1.20% cyclone yield). The remaining part was salvaged by manual sweeping of 
powder stuck on the walls of the drying system (drying chamber, duct and cyclone) (21.36 ± 1.32% 
sweep yield), this component being termed as “wall-deposit”. The yield lost due to wall deposition 
of powder during spray drying is unavoidable, because wall deposition of powder depends on 
numerous factors including process-based factors (wall properties, drying chamber geometries, 
spray dryer types, inlet swirl angles or operating parameters) and material-based factors (molecular 
weight, Tg, hygroscopicity, thermoplasticity, moisture content or presence of other components) 
(Keshani et al., 2015). In addition, some fine powder particles would be lost with the exhausted and 
leaked air. 
 
The moisture content of powder collected in the separation cyclone during spray drying was 5.51 ± 
0.10% (on a dry basis, d.b.), while that of commercial crystalline α-CD was 9.97 ± 0.15% (d.b.). 
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The water activities corresponding to these levels of moisture content of these samples were about 
0.28 ± 0.01 and 0.61 ± 0.02, respectively.  
 
3.3.1.2. X-ray diffraction analysis 
The X-ray diffraction patterns of crystalline, spray-dried and wall-deposit α-CD powders are 
presented in Figure 3.1. There were many sharp peaks for crystalline α-CD, while only two broad 
peaks (halos) were found for spray-dried and wall-deposit α-CDs. These results confirm that 
commercial α-CD is crystalline powder, and that spray drying of α-CD solution produces 
completely amorphous powder. Evaporation of water during spray drying occurs so rapidly that the 
solute does not have enough time to crystallize (Vega and Roos, 2006; Wang and Langrish, 2007). 
In most cases, the average time for dried particles to pass through the drying zone in the spray dryer 
is about 5-15 s, depending on the configuration of the equipment (Gharsallaoui et al., 2007). Spray 
drying has been the most common method used to obtain amorphous solids (Chiou and Langrish, 
2007; Niazi and Broekhuis, 2012; Roos, 2002). However, in this work, some small sharp Bragg‟s 
peaks were observed on the X-ray diffraction pattern of wall-deposits of α-CD powder. This 
illustrates that the collected wall-deposit powder possesses some crystallinity. The factors that might 
have contributed to this might have included the prolonged exposure to high temperature and 
humidity in the drying chamber wall or, in some cold zones where the local humidity could be very 
high, possibly causing some crystallization of amorphous α-CD (Chiou et al., 2008; Wang and 
Langrish, 2007). 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: X-ray diffraction patterns of commercial, wall-deposit and spray-dried α-CD powders. 
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3.3.1.3. SEM analysis  
The results of SEM scans in Figure 3.2 illustrate the differences in morphology between spray-dried 
(amorphous) and crystalline (commercial) α-CDs. Unlike the crystalline α-CD particles which had 
several shapes (including cubic, tetragonal or triclinic) with different sizes and many small particles 
and clefts on their surface, amorphous spray-dried α-CD particles were spherical in shape, with a 
smoother surface, and dents and small vacuoles in the interior of the particles. These morphological 
characteristics of amorphous α-CD were similar to those of spray-dried milk powders which have 
spherical particles containing vacuoles of occluded air (Carić, 2004). The shape of the particles is 
determined by the atomization process, drying conditions and composition of the material. Non-
crystalline spray-dried powder will show a smooth surface, while crystalline powder might show a  
distorted surface characteristics, depending on the extent of crystallization (Langrish et al., 2006; 
Woo and Bhandari, 2013). 
 
 
 
 
 
 
      Figure 3.2: SEM scans of amorphous spray-dried and commercial crystalline α-CDs. 
 
3.3.1.4. Thermal analysis 
a). DSC analysis 
The results of DSC analysis of amorphous and crystalline α-CDs with a pin-hole lid are illustrated 
in Figure 3.3(a). The thermogram of crystalline α-CD showed four endothermic peaks over various 
temperature ranges of 48-90, 96-110, 110-160 and 220-226oC. However, in a similar study by Ho et 
al. (2011), the authors reported that only three endothermic peaks were found on the DSC 
thermogram of crystalline α-CD, which are similar to the first three peaks in this study. These first 
three peaks represented the evaporation of water on the surface, in the interstices and in the cavities, 
respectively (Ho et al., 2011). While studying the thermal decomposition of crystalline α-CD 
powder by DSC, Kohata et al. (1993) claimed that water evaporation occurred not only at 62, 89 
and 105°C, but also at the temperature range of 260-270°C (a very small amount of water known as 
Spray-dried α-CD Crystalline α-CD 
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included water). Therefore, the endothermic peak at 220-226oC might be due to evaporation of 
water included in the cavities of α-CD. Moreover, the disappearance of these peaks on the DSC 
thermogram in the second scan for crystalline α-CD in Figure 3.3(b) confirmed that these peaks 
were associated with water evaporation. All these phenomena were also observed for DSC scans 
with closed pans, as shown in Figure 3.3(d), but there was a slight shifting of the endothermic 
peaks. This probably reflected the limited space for water evaporation in the headspace of closed 
pans as compared to open pans which allowed the evaporated water to escape. 
 
The DSC thermogram of amorphous α-CD powder showed that there was a big endothermic hump 
ranging from 40 to 170oC. This peak might represent water evaporation or enthalpy relaxation of 
amorphous α-CD. Unfortunately, this thermogram did not provide as detailed information about 
water loss when compared with that of crystalline α-CD. This could be explained in terms of  
amorphous α-CD having a loose structure which allows water molecules to diffuse out easily (Coey, 
1974). These findings are comparable with those in a report by Kaminski et al. (2012) in which the 
DSC thermogram of amorphous α-CD powder prepared by ball milling showed a quite broad 
endothermic peak within a range from 27 to 130oC, characterizing  water evaporation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: DSC scans of amorphous and crystalline α-CD powders with open and closed pans. 
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In order to detect Tg of amorphous α-CD powder, DSC scans with a closed (without pin-hole) pan, 
at different levels of temperature range and heating rate (10, 20, 30, 40 and 50oC/min) were 
performed. In a preliminary experiment, it was investigated that the signature of Tg as well as a 
crystallization peak was clearly observed at heating rates higher than 30oC min-1 and a temperature 
range of 10-150oC (data not shown). Therefore, these conditions were selected to study the effects 
of RH on amorphous α-CD thermal properties (section 3.3.3). In the example shown in Figure 
3.3(c), there was an increase in the heat capacity (∆Cp = 0.207 J/(kg
oC)) identified on the DSC 
curve which is a signal of glass transition. The temperature at which this transition occurred for 
spray-dried α-CD powder was 83.38oC. Following the glass transition, a crystallization exothermic 
peak was also observed with its onset temperature at 123.18oC. This finding was opposite to that 
reported by Kaminski et al. (2012) in which the Tg of the amorphous α-CD powder prepared by ball 
milling could not be detected by DSC scan. The reasons for this incompatibility are due to 
differences in the method for amorphous preparation and the DSC scan procedure. The amorphous 
powder produced by ball milling might cause partial amorphisation of the material (Craig et al., 
1999). Moreover, a DSC scan using an open pan and at low heating rate may not allow the detection 
of Tg. This is also true for this research. As can be seen from the DSC scan (25-250
oC, heating rate 
of 10oC/min) with an open pan shown in Figure 3.3(a), there is no signal of Tg being observed for 
the amorphous α-CD powder, even in the second DSC scan (Figure 3.3(b)). Similarly, Tabary et al. 
(2011) also reported that it was impossible to determine the Tg of ball-milled amorphous β-CD 
powder by DSC scan (heating rate of 5oC/min) using an open pan. 
 
Moreover, the DSC results (open and closed pans) did not show any signal of the melting point of 
crystalline α-CD powder, even when it was scanned up to 350oC (data not shown). This is because 
crystalline α-CD powder has a melting temperature much higher than the decomposition 
temperature (Kaminski et al., 2012). These results are compatible with those reported by Tabary et 
al. (2011) and Kaminski et al. (2012), in which it was impossible to detect the melting temperature 
of α- and β-CD powders, respectively.  
 
b). TGA analysis 
The TGA curves expressing the weight loss of amorphous and crystalline α-CD powders with 
temperature are shown in Figure 3.4. For both samples, there were two temperature regions 
indicating weight loss. The first region ranging from 30 to 150oC indicated water evaporation. 
However, there were noticeable differences in the manner of water evaporation from the TGA 
curves of amorphous and crystalline α-CD powders. For crystalline α-CD, three regions 
corresponding to three types of water (water on the surface, in interstices and cavities) were 
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observed, although the temperature range for each was not exactly the same as for the DSC curves 
(Figure 3.3(a)). The reasons for these differences might be due to differences in sample weight (~4 
mg in DSC and ~10 mg in TGA), purge gas (N2 in DSC and H2 in TGA), and the measuring 
principle (in DSC the difference in the amount of heat required to increase the temperature of a 
sample with  reference being measured as a function of temperature, while in TGA the change in 
sample weight is measured as a function of temperature). The TGA curve for amorphous α-CD 
declined smoothly without showing discontinuation of the curve. As stated in section 3.3.1.4 (a), 
this dissimilarity is due to the differences in structure between amorphous and crystalline α-CDs. 
Unlike crystalline α-CD, amorphous α-CD with its more loosely packed structure and small 
intermolecular bond strength allows water to evaporate easily (Coey, 1974). Unlike the DSC curve, 
the TGA curve for crystalline α-CD did not show any peak at 220-226oC, which is considered as 
evaporation of water attached strongly in the cavity. This might be due to the amount of water being 
too small to be detected by a TGA. According to Kohata et al. (1993) the amount of water which 
was liberated at 260-270°C from crystalline α-CD was less than 0.043% of total amount of water in 
CD.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: TGA curves of spray-dried amorphous and crystalline α-CD powders. 
 
The sudden weight loss region for both amorphous and crystalline α-CD powders (> 300oC) 
indicated thermal decomposition. This result is similar to that reported by Ho et al. (2011) in which 
thermal decomposition of crystalline α-CD was about 300oC, and by Kaminski et al. (2012) in 
which thermal decomposition of amorphous α-CD prepared by ball milling was about 240oC. A 
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slightly higher decomposition temperature observed for crystalline α-CD indicates that it is 
relatively more heat stable than amorphous α-CD, due to the structural differences. 
  
3.3.1.5. FTIR spectroscopy 
The FTIR spectra of amorphous and crystalline α-CD powders in Figure 3.5 indicate that both are 
characterized by: (1) a broad band at 3000-3600 cm-1 due to the symmetric and antisymmetric O-H 
stretching mode, and (2) a strong and complex band at 900-1180 cm-1 arising from the stretching of 
C-O bonds. A band at 1156 cm-1 originates from the antisymmetric stretching of the C-O-C 
glycosidic bridge, and bands at 1025 and 1078 cm-1 are caused by coupled stretching of C-O and C-
C (Bongiorno et al., 2005; Shin et al., 2004). These bands of amorphous α-CD have much higher 
intensity than those of crystalline α-CD, although the moisture content of amorphous α-CD was 
5.51 ± 0.10% (d.b.) as compared to 9.97 ± 0.15% (d.b.) of crystalline α-CD.  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5:  FTIR spectra of spray-dried amorphous and crystalline α-CD powders. 
 
These differences are caused by differences in the molecular structure of amorphous and crystalline 
α-CD powders. The peaks at about 3300 and 1000 cm-1 on the FTIR spectra of the amorphous form 
were higher than those of the crystalline one. This is because the looser structure of the amorphous 
α-CD powder allows molecules to vibrate easily as it absorbs infrared radiation, corresponding to 
higher absorbance peaks (Alvarez-Ordóñez and Prieto, 2012). The FTIR spectrum of crystalline α-
CD powder was quite compatible with that reported by Neoh et al. (2006) and Ho et al. (2011). The 
FTIR technique has been used to characterize or distinguish amorphous and crystalline states of 
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many kinds of materials, including lactose (Buckton et al., 1998), insulin (Pikal and Rigsbee, 1997) 
and indomethacin (Otsuka et al., 2000).  
 
3.3.1.6. NMR spectroscopy  
The CP-MAS 13C NMR spectra of amorphous and crystalline α-CDs are shown in Figure 3.6. Both 
spectra have signals in the ranges of 58-64, 68-78, 80-84 and 97-104 ppm, which might represent 
for C6, C2-3-5, C4 and C1 of α-CD, respectively. Of these, the peaks of C1 and C4 are related with α-
(1,4) linkages, those of C6 are associated with hydrogen bonding interactions (Ho et al., 2011), 
while the C2-3-5  resonances overlapped and could not be individually assigned (Heyes et al., 1992). 
While the amorphous α-CD showed broader NMR spectral characteristics, several peaks were 
observed for each type of carbon on the NMR spectrum of crystalline α-CD. The chemical shifts of 
C1, C2-3-5, C4 and C6 peaks of amorphous and crystalline α-CDs are shown in Table 3.1. The 
changes in the structure resulted in an alteration of the chemical shift of the peaks. These 
differences are due to the conformation of crystalline α-CD being less symmetrical than that of 
amorphous α-CD (Lu et al., 2000), or due to changes in intramolecular torsion angles and 
intermolecular effects (Heyes et al., 1992). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.6: CP-MAS 13C NMR spectra of spray-dried amorphous and crystalline α-CD powders. 
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Table 3.1: 13C chemical shifts (ppm) of amorphous and crystalline α-CD powders. 
Powder sample 
13
C chemical shifts (ppm) 
C1 C2-3-5 C4 C6 
Amorphous 102.47 73.07 82.18 
61.29 
61.88 
62.59 
Crystalline 
97.99 
101.94 
102.83 
103.67 
 
77.59 
80.49 
81.83 
82.96 
 
72.23 
72.91 
74.21 
74.65 
75.71 
63.53 
 
The chemical shifts of carbon atoms of crystalline α-CD are quite similar to the values reported by 
Gidley and Bociek (1988), Heyes et al. (1992) and Ho et al. (2011), while the NMR spectrum of 
amorphous α-CD looks similar to that of amorphous starch prepared by ethanol precipitation of 
gelatinized maize starch (Gidley and Bociek, 1988). Moreover, the results of NMR measurement 
also indicated that there was no trace of degradation of CD powder which could have been caused 
by the relatively high temperature conditions of spray drying. The use of the NMR technique to 
study the structure of amorphous or crystalline materials was well reported for lactose (Gustafsson 
et al., 1998), trehalose (Lefort et al., 2004) and nicardipine hydrochloride (Kohinata et al., 2004). 
 
3.3.1.7. Particle size distribution 
The particle size of crystalline α-CD powder had a significantly larger and wider distribution than 
that of amorphous α-CD powder (Figure 3.7). With an assumption of spherical particles, the mean 
particle diameter calculated from surface area of amorphous and crystalline α-CD was 13.28 ± 0.51 
μm and 44.10 ± 5.38 μm, respectively. A similar range of particle size was also observed in the 
SEM images. The particle size and morphology of -CD powders may affect the rate of reaction 
(e.g. encapsulation/adsorption rate of organic compounds), the ability to dissolve into liquid, 
packing density, suspension stability or the product appearance.  
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Figure 3.7: Particle size distribution and scanning electron microscopy images of spray-dried 
amorphous and crystalline α-CD powders. 
 
3.3.2. Water adsorption behavior of α-CD powders 
Moisture content greatly impacts the physical and chemical stability of powder materials. Storage of 
amorphous powders in a high RH environment can lead to agglomeration or crystallization 
(Shrestha et al., 2007). Therefore, the determination of the critical level of RH or moisture content 
at which phase changes of amorphous powders are induced is useful to prevent or initiate such 
changes for a particular application. The water adsorption properties of amorphous and crystalline 
α-CD powders at 25oC are shown in Figure 3.8(a). The results indicate that the water adsorption 
ability of α-CD powders increased considerably with an increase of RH. The disordered and tangled 
molecular arrangements of the amorphous material allow a significant amount of water to be 
occupied in such arrangements, while the crystalline solid with highly packed structure interacts 
with water vapor primarily on its surface through hydrogen bonds (Wang and Langrish, 2007). 
These give amorphous α-CD powder an ability to adsorb a greater amount of water than crystalline 
α-CD does at the same RH level.  
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Figure 3.8: Water adsorption of spray-dried amorphous and crystalline α-CDs at 25oC (a),  
the experimental and predicted BET & GAB water adsorption isotherms of amorphous α-CD (b). 
 
Another striking characteristic of water adsorption of amorphous α-CD was that rate of increase in 
the adsorbed water with aw declined as aw > 0.65. This is possibly because of the crystallization of 
amorphous α-CD powder at high RH leading to exclusion of moisture (Moran and Buckton, 2009). 
The crystalline form adsorbs less water than the amorphous form. The similar phenomenon has 
been observed in many sugars (Bronlund and Paterson, 2004; Lai and Schmidt, 1990) and drugs 
(Andronis et al., 1997). Crystallization of amorphous α-CD kept at RHs > 65% has been confirmed 
by the results of DSC, X-ray, FTIR and SEM analyses presented in next section (section 3.3.3).  
 
According to the adsorption isotherm classification proposed by Brunauer et al. (1940), the water 
adsorption of amorphous α-CD powder appears to belong to type IV which describes adsorption of 
a swellable hydrophilic solid (Andrade et al., 2011). This is quite applicable to properties of α-CD, 
as it has a significantly hydrophilic exterior (Del Valle, 2004).  
 
Water adsorption data of amorphous α-CD powder were fitted with BET and GAB models. The 
BET model has been shown to fit well with water adsorption data of many food products for aw < 
0.35 (Al-Muhtaseb et al., 2002) or aw < 0.43 (Shrestha et al., 2007). However, in this research, it  
was found that the BET model fitted well with water adsorption data of amorphous α-CD powder 
for aw up to 0.53. Using the calculated BET constant (CBET = 11.08) and monolayer moisture 
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content (Mo(BET) = 5.79 g/100g dry solids) shown in Table 3.2, the calculated moisture content (M) 
for aw = 0.11-0.53 based on BET model was quite close to experimental M (Figure 3.8(b)) with a 
low value of % RMSD (1.24%). 
 
Table 3.2: The constants of water adsorption isotherms for amorphous α-CD (25oC). 
Model                                                                       Constant 
(*)
 
GAB 
aw = 0.11-0.97 
α β γ K CGAB Mo(GAB) R
2
 % RMSD 
-0.0223 0.0506  0.0272 0.4390 7.57 12.10 0.9203 1.61 
aw = 0.11-0.65 
α β γ K CGAB Mo(GAB) R
2
 % RMSD 
-0.0951 0.1051   0.0195 0.7950 8.95 7.23  0.9966 0.40 
BET 
b 
(**)
 c 
(**)
 CBET Mo(BET) R
2
 % RMSD 
0.1641 0.0135 11.08 5.79 0.9928 1.24 
(*)
 The constants of BET and GAB models were optimized by Excel Solver to minimize the % RMSD. Mo is monolayer 
moisture content (g/100g dry solids). K and C are dimensionless constants. 
(**) 
b and c are the slope and intercept 
respectively of the straight line of a plot of [aw/(1-aw)*M] and aw. 
 
For the GAB model, it is believed that this model can describe well the water adsorption behavior 
of almost all biological materials up to aw of 0.90 (Al-Muhtaseb et al., 2002). However, this was not 
quite true for water adsorption isotherm of amorphous α-CD powder at aw ranging from 0.11 to 
0.97. Figure 3.8(b) shows there is a difference between experimental M and M predicted by the 
GAB model, especially at high aw values (aw > 0.62). The reason for this difference might be due to 
the crystallization of powders at high relative humidity (RH > 65.29%), resulting in subsequent 
changes in water adsorption ability. In a previous study, Bronlund and Paterson (2004) found that 
the presence of amorphous lactose particles in crystalline powders, even in very small amounts, led 
to changes in water adsorption ability of lactose powder. This might be another reason for the 
difficulty in fitting the GAB model using the higher water activities. From the X-ray results in 
Figure 3.9, crystallization of amorphous α-CD was observed for samples kept at relative humidity 
higher than 65%. 
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For water adsorption at lower aw values (aw = 0.11-0.65), the GAB model showed the highest level 
of fitness with a significantly lower % RMSD value (0.40%), and the predicted M was very close to 
the experimental M (Table 3.2 and Figure 3.8(b)). 
 
3.3.3. Effects of relative humidity on amorphous α-CD properties  
3.3.3.1. X-ray diffraction analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9: X-rays analysis of spray-dried amorphous α-CD powder and those equilibrated at RH 
levels higher than 65% for 3 weeks (25oC). 
 
The results of X-ray analyses (Figure 3.9) indicated that amorphous α-CD powder crystallized when 
stored in a higher than 65.29% ERH environment. The extent of crystallization increased with the 
increase of RH. Many sharp peaks were observed for X-ray spectra of amorphous α-CD powders 
kept at 75.32, 84.32 and 97.30% RH, while only a few peaks were detected for the one stored at 
65.29% RH. A similar phenomenon in which the rate of powder crystallization increased as a 
function of RH was also reported by other authors for several materials, including Jouppila et al. 
(1997) for lactose, Andronis et al. (1997) for indomethacin, and Chiou and Langrish (2007) for 
spray-dried powders. These findings indicate that water plays an important role in the phase 
transformation of amorphous α-CD powder. 
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3.3.3.2. SEM analysis 
 
 
 
 
 
 
 
 
 
Figure 3.10: SEM of spray-dried amorphous α-CD powders equilibrated at various RH levels.  
 
The crystallization of amorphous α-CD powder causes caking and agglomeration by the formation 
of liquid bridges between powder particles during storage (Aguilera et al., 1995). The 
agglomeration of powder leads to morphological changes which can be best visualized using SEM 
(Aguilera and Stanley, 1999). As shown in Figure 3.10, when stored at 65.29% RH, some particles 
of amorphous α-CD powder started to aggregate, and this phenomenon became more obvious at 
higher RH levels. The SEM technique was also able to trace the agglomeration of skim milk 
powder stored at 20oC under various RH values, due to the crystallization of lactose (Aguilar and 
Ziegler, 1994; Lai and Schmidt, 1990). 
 
3.3.3.3. DSC analysis 
The results of the first DSC scans with a pin-hole lid for amorphous α-CD powders at various RHs 
indicated that all peaks represent water evaporation (Figure 3.11). The DSC scans of amorphous α-
CD powders equilibrated at the first three highest RH values (> 75.25%) were similar to that of 
crystalline α-CD powder, while the DSC scans of the remaining samples were similar to the scan of 
amorphous α-CD powder (Figure 3.3(a)). This result reflects the crystallization of amorphous α-CD 
powder at high RHs. The differences in the DSC peak number and its height were caused by the 
fraction of crystalline powder and possibly compaction degree of α-CD powder particles, which is 
affected by moisture content (Aguilera et al., 1995; Nokhodchi, 2005). Moreover, no signal of 
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melting was observed for amorphous α-CD powders equilibrated at the first three highest RH values 
(> 75.25%). This is quite similar to crystalline α-CD powder in which thermal decomposition of α-
CD powder masks the melting point.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: The first DSC scans with open pans of amorphous α-CD powders  
equilibrated at various RHs. 
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Figure 3.12: The first DSC scans with closed pans and a heating rate of 30oC/min  
of spray-dried amorphous α-CD powders equilibrated at various RHs. 
 
The signal of Tg and crystallization of amorphous α-CD powders at various RHs can be observed on 
the DSC curves with closed pans. As can be seen in Figure 3.12, the Tg of amorphous α-CD powder 
declined, and the onset temperature of the crystallization of amorphous α-CD powder occurred 
earlier, when RH increased. However, it was impossible to identify the crystallization peak of an 
amorphous α-CD powder stored at very low RHs (≤ 22.60%). This is because the amount of 
adsorbed water in the samples was insufficient to induce molecular mobility during heating which 
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can lead to the crystallization process. Moreover, crystallization is known to be a time-dependent 
process (Jouppila et al., 1998) and it might require a longer heating time to induce crystallization of 
amorphous α-CD powders stored at low RHs. In a study by Sabadini et al. (2006), it was reported 
that α-CD crystallization required water molecules to form the crystal structure. When α-CD is 
crystallized from water, it forms a hydrate with six molecules of water, of which two water 
molecules will occupy the α-CD cavity, while the others would be distributed around the exterior of 
the CD molecules. Crystallization peaks were only observed for the samples kept at RH ranging 
from 32.73 to 65.29%. On the other hand, Tg and the crystallization peak of amorphous α-CD 
powder stored at high RHs (≥ 75.32%) were not detected because of the crystallization of powder 
when the amounts of the remaining amorphous fraction might be too low to show the specific heat 
change in the thermograms. 
 
The Tg of amorphous α-CD powder decreased from 104.51
oC for the sample equilibrated at 11.15% 
RH, to 58.58oC for the one stored at 65.29% RH. Similarly, the onset temperature of amorphous α-
CD powder also declined from 127.66oC for the sample equilibrated at 32.73% RH to 101.72oC for 
that stored at 65.29% RH. The reason for this change is that the adsorbed water acts as “lubricant” 
which increases molecular mobility and lowers activation energy for rearrangement of molecules in 
amorphous materials into an ordered structure (Wang and Langrish, 2007). Therefore, an increase of 
adsorbed water amount enhances the rate of crystallization (Andronis et al., 1997).  
 
3.3.3.4. FTIR spectroscopy  
As stated in section 3.3.1.5, the FTIR spectrum of amorphous α-CD powder was quite similar to 
that of crystalline α-CD powder, while the amorphous α-CD powder spectrum was higher in 
intensity of peaks, because of the disordered structure of the amorphous state. The FTIR spectra of 
amorphous α-CD powder kept at RHs < 65.29% showed higher values of absorbance than those of 
the samples stored at RHs > 65.29% (Figure 3.13). Other differences observed on these FTIR 
spectra are peaks at wavenumbers round 1000 cm-1. At these wavenumbers, there are two 
distinguishing peaks for FTIR spectra of samples stored at 11.15-52.86% RH, but these peaks were 
merged into only one peak for samples kept at higher RHs (65.29-97.30%). This difference can 
reflect the crystallization of amorphous α-CD powders equilibrated at high RHs inducing the 
deformation of vibrations of molecular chains.  
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Figure 3.13: FTIR spectra of spray-dried amorphous α-CD powders  
equilibrated at various RHs. 
 
3.4. CONCLUSION 
The results of X-ray, SEM, DSC, TGA, FTIR and 13C solid-state NMR measurements demonstrated 
that spray drying is an effective method for producing amorphous α-CD powder. The water 
adsorption capacity of amorphous α-CD powder is higher than that of crystalline counterpart. Water 
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adsorption data of amorphous α-CD powder fitted well with BET model up to aw of 0.52, while the 
GAB model fitted less well over the whole range of water activity (aw = 0.11-0.97), as the 
amorphous α-CD commenced crystallizing above aw of 0.65. When stored above this aw value (aw = 
0.65, corresponding to 13.70-14.96 g moisture/100 g of dry solids), the amorphous α-CD powder 
particles showed aggregation due to crystallization. The rate of this transformation increased with 
the increase in storage RH. Therefore, storage of amorphous α-CD powder in an airtight container 
at low RH (< 65%) or storage at a temperature which is lower than its Tg ( 83.4
o
C), would be a 
good practice to avoid its state transformation. In contrast, the addition of water to amorphous 
powder up to 13.70-14.96% (w/w) will result in its phase transition.  
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Chapter 4 
 
Method of Measurement of CO2 Adsorbed into Alpha-Cyclodextrin  
by Infra-Red CO2 Probe 
()
 
 
ABSTRACT 
A simple CO2 probe system for quantifying CO2 gas adsorbed in the solid matrix of -cyclodextrin 
powder (-CD) by measuring the gas concentration in the headspace, was developed and validated. 
The essential components of this system are an infra-red CO2 probe and an air-tight chamber 
equipped with a two-fan system to uniformly mix the relatively high density CO2 gas. Firstly, a 
known weight of dry ice (considered as pure CO2) was used to create different amounts of CO2 in 
the headspace of the chamber, and the resultant gas concentrations were measured by the probe and 
gas chromatography. The gas concentrations measured by both methods were quite similar (R
2
  
0.9950), and the calculated amount of dry-ice in the headspace using the probe was highly 
comparable to the amount of dry ice initially added in the chamber (R
2
  0.9970). This system was 
then tested to measure adsorbed CO2 content in CO2-α-CD complex powder by using water 
injection to release the CO2 from the complex powder into the headspace. The measured results 
using this system were quite similar (R
2  0.9972) to those determined by a conventional acid-base 
titration method.  
 
Keywords: infra-red CO2 probe, complex powder, cyclodextrin powder, acid-base titration, 
adsorption. 
  
                                                 
( ) 
This chapter has been published as a research paper in the International Journal of Food Properties (IF = 1.586): 
HO, T. M., TRUONG, T., HOWES, T. & BHANDARI, B. R. 2016. Method of measurement of CO2 adsorbed into -
cyclodextrin by infra-red CO2 probe. International Journal of Food Properties, 19(8), 1696-1707. The manuscript was 
modified to keep the format consistent throughout the thesis. 
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4.1. INTRODUCTION   
Carbon dioxide (CO2) gas has been widely used in food and agricultural production to control the 
rate of respiration of fruit and vegetables (Kader et al., 1989), to retard the growth of undesirable 
microorganisms in meat, fish, dairy products and fruit juices, during storage (Hotchkiss et al., 2006; 
Ma and Barbano, 2003; Ma et al., 2001; Phillips, 1996; Shomer et al., 1994), to extend the shelf-life 
of cereal gains and pulses (Yamamoto, 1990), to carbonate soft-drinks (Steen, 2006), or to give a 
popping feeling while chewing pop rock candy (Kleiner et al., 1981). For these applications, the 
measurement of the amount of CO2 adsorbed/desorbed into these products over a wide range of 
pressure and temperature plays an essential role in designing and scaling up of a new processing 
process. Unfortunately, the data are not accurately calculated from theoretical and analytical 
simulations based on reported models. The information must be collected based on reliable and 
accurate experiments (Keller and Staudt, 2005). Theoretically, in order to determine the amount of 
CO2 adsorbed/desorbed into food products, especially those in solid form, various methods, 
including volumetric, gravimetric, oscillometry, thermal desorption (calorimetry), acid base 
titration, dielectric and chromatography techniques, have been commonly applied. In some cases in 
which multicomponent co-adsorption are investigated, a combination of two or more of these 
methods is recommended (Dreisbach et al., 1996; Keller et al., 1992; Keller et al., 1999; Keller and 
Staudt, 2005). Many aspects of these methods (principles, experimental setup, examples, 
advantages and disadvantages) are well described in the monographs published by Keller and 
Staudt (2005) and Broom (2011). However, the published methods for CO2 gas concentration 
determination require an expensive equipment system and a complicated sample preparation 
procedure, which is typically carried out by highly skilled or trained technicians. For cheaper and 
simpler static measurement of adsorption/desorption capacity of CO2 into solid matrices, a CO2 
probe is potentially applicable, while also enabling in-situ and continuous measurements. 
 
Because of the wide range of applications of CO2 gas in food production and the safety limitations 
in the handling and usage of high-pressurized CO2 gas cylinders, several studies have been done on 
CO2 encapsulation using a non-toxic, biodegradable and biocompatible solid matrixes to produce 
the powder format of CO2 gas (Neoh et al., 2006; Pereva et al., 2015; Szejtli, 1988; Zeller and Kim, 
2013). In these studies, the solid matrix used to entrap CO2 was -cyclodextrin (-CD) powder. 
The -CD molecule is constructed by 6 glucopyranose units linked to each other by α-(1,4) linkages 
to form a truncated cone with an apolar inner cavity and hydrophilic surface. With the smallest 
cavity (0.47-0.53 nm in diameter) among three common types of CDs (α-, β- and γ-CDs consisting 
of 6, 7 and 8 α-(1,4) linked glucopyranose units, respectively), α-CD was found to be the most 
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suitable solid matrix to form complex powder with gas molecules, due to size compatibility 
between gas molecule and α-CD cavity (Hedges et al., 1995). Moreover, -CD has been approved 
by FDA (Food and Drug Administration) and FSANZ (Food Standards Australia New Zealand) to 
use for food applications (Del Valle, 2004). Beside CO2 gas, α-CD can form complex powders with 
other types of gas such as CH4, C2H6, C3H8, Kr, 1-MCP, Xe, C2H4, N2O, N2 or Ar (Cramer and 
Henglein, 1956; Szejtli, 1988; Ho et al., 2011a; Neoh et al., 2007; Pereva et al., 2015; Zeller and 
Kim, 2013). These inclusion complexes have high potential applications in agriculture and food 
production (Ho et al., 2014). In addition, almost all methods to determine the amount of gas 
adsorbed into α-CD powders reported in these studies are gas chromatography (GC), acid-base 
titration, thermogravimetry-mass spectroscopy (TG-MS) or the foaming rise method.  
 
In this study, a very simple enclosed system equipped with an infra-red CO2 probe to quantify the 
amount of CO2 adsorbed into solid matrices, was designed and validated. Moreover, the application 
of this system to determine the CO2 gas adsorbed into α-CD powder in solid state was evaluated, 
and the measured results was compared with those determined by a conventional acid-base titration 
method. 
 
4.2. MATERIALS AND METHODS 
4.2.1. Materials 
The CO2 probe used was a two-channel absorbing infra-red sensor (Testo 535, Provo Instrument 
Pty. Ltd., Australia) with a measurement range of 0-9,999 ppm. According to the manufacturer‟s 
specifications, this probe is able to operate over a wide range of temperature (0-50
o
C) and humidity 
(0-99% relative humidity). However, the highest accuracy of instrument is at 23
o
C, with an 
adjustment being required for measurements at other temperatures, using a temperature coefficient 
of the probe which is ± (1 ppm + 0.4% of measured values)/
o
C.  
 
Crystalline α-CD powder (> 99% purity) was purchased from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany) and stored in a dry, air-tight container until used for experiments. A 
compressed CO2 gas cylinder (> 99.99%) was purchased from COREGAS (Coregas Pty Ltd, 
Australia). Dry ice (CO2 > 99.99%) was obtained from BOC (BOC Company, Australia) and kept 
in a freezer (-70
o
C) until used. All other chemicals used in this study were of analytical reagent 
grade.  
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4.2.2. Design and validation of the CO2 measuring system  
4.2.2.1. Design of CO2 measuring system 
A sketch of CO2 measuring system is shown in Figure 4.1. The integral parts of this system include 
the infra-red CO2 probe, a plastic chamber (high-density polyethylene, 17.95 L of volume), and two 
small fans (DC5V, 1.5W, Yaheng Electric Co., Ltd.) for air circulation inside the chamber. For 
measurement of CO2 adsorbed into solid matrices, the CO2 must be completely released into the 
headspace. The cover of the chamber can be opened and closed tightly for each measurement. The 
quality of the cover sealing was also tested by observing CO2 concentration decay in the chamber 
headspace over 3 days; the concentration only fluctuated in the range of CO2 probe accuracy (± 2 or 
3% of measured values for the measuring range of 0-5,000 ppm or 5,000-9,000 ppm, respectively). 
 
 
 
 
 
 
                           Figure 4.1: Sketch of the CO2 measuring system developed in this research. 
 
In order to investigate the applicability of this system to determine the amount of CO2 adsorbed into 
α-CD powder, the system was incorporated with a small plastic cup (polyethylene, 75 mL of 
volume) to contain samples, a port connected to a plastic tube (polyethylene, 17.3 mm of inside 
diameter) which was installed in the middle of the chamber cover for water injection into the 
sample container, and a magnetic stir-bar (3x0.8 cm, Thermo Fisher Scientific Inc., Australia). 
During agitation of the mixture, due to dissolution of α-CD powder into water, the CO2 was 
completely released from CO2-α-CD complex powder.  
 
The components which assist in the complete release of CO2 into the chamber headspace can be 
replaced by other suitable ones, depending on the nature of solid matrices and release properties. 
The basic requirements of this system include: (1) it must be air-tight; (2) the gas must be 
completely released into the headspace; (3) the concentration of gas in the headspace must be 
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within the measurement limits of the CO2 probe; and (4) air should be circulated to distribute CO2 
thoroughly in the headspace, otherwise the air will be stratified with the heavier CO2 on the bottom 
of the chamber (Studer et al., 2003).  
 
4.2.2.2. Validation of the CO2 measuring system 
The system accuracy was evaluated using dry ice to produce an atmosphere with different CO2 
concentrations. Before putting dry ice into the chamber, the chamber cover was opened and the fans 
were turned on to mix the air in the chamber for at least for 30 min to achieve a steady state. Then, 
the initial CO2 concentration of the air inside the closed container was determined (C1, ppm). 
Various pre-weighed amounts of dry ice (W1, mg) were placed into the chamber, and the chamber 
cover was immediately closed to prevent the loss of CO2. The CO2 concentration (C2, ppm) was 
recorded when it reached to a constant value. From the difference between the C2 and C1 values 
(C2-C1, ppm), the amount of CO2 produced by dry ice was calculated (W2, mg), based on the 
chamber volume and CO2 density at measuring conditions (24-25
o
C, 45-50% RH and 1.01 bar). 
 
Another way to validate the system was through a comparison of the CO2 concentration in the 
chamber headspace (produced by dry ice) measured by a CO2 probe and gas chromatography (GC). 
After measuring the CO2 concentration by the CO2 probe, one mL of headspace gas was manually 
taken using an air-tight syringe (SGE Pty Ltd., Australia) and injected into the GC. The GC 
(Shimadzu 17A, Tokyo, Japan) fitted with a stainless steel column (3 m x 1.2 mm) packed with 
Porapak N (100-120 mesh) (Waters, Milford, MA, USA) was used for CO2 quantification. The 
equipment was operated with helium carrier gas at 120 kPa. The oven, detector (thermal 
conductivity detector) and injector temperatures were 60, 85 and 65
o
C, respectively. CO2 quantity 
was determined based on an internal standard calibration with 1.96% of CO2 for each times of 
measurement.  
 
4.2.3. A comparison of the amount of CO2 adsorbed into α-CD powder measured by the CO2 
probe system and conventional acid-base titration method  
The CO2-α-CD complex powders were prepared by the solid encapsulation method reported by 
Neoh et al. (2006) using commercial crystalline α-CD powder. Varying the pressure and time of 
complexation provided different levels of CO2 adsorbed into the α-CD powders. The adsorption 
capacity was measured by the CO2 probe system and an acid-base titration method reported by 
Neoh et al. (2006).  
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4.2.3.1. CO2 probe system  
A similar procedure for validation of the system was repeated using 4-5 g of complex powder, 
instead of dry ice, as mentioned earlier. In order to speed up the rate of CO2 release, 10 mL of 
distilled water was injected into the sample container with a magnetic stirring bar. In a preliminary 
experiment, it was shown that after operating this system for 45 min, the CO2 level read from the 
probe reached a maximum value and was almost constant (e.g. it fluctuated around the maximum 
value by about 5-20 ppm). Therefore, the results were only taken after the CO2 measuring system 
had been in operation for at least 45 min. 
 
Some of the gas dissolving into the water which was added to the system should be accounted for.  
The CO2 released from the complex powder included CO2 in the headspace and CO2 dissolved into 
water. Due to the presence of CO2 in the air, the CO2 in the headspace was calculated from the 
difference between values measured without and with powder, while the CO2 concentration 
dissolved in water was estimated based on the theoretical values of Henry‟s Law: Cw = 0.8317*Ch 
(at 25
o
C), where Cw and Ch are the CO2 concentrations (cm
3
/m
3
) in the water and headspace, 
respectively (Sander, 1999; Or and Wraith, 2000).  
 
In order to confirm that the CO2 in the complex powder was completely released into the headspace 
of the system, the solid particles remaining in the solution were collected and dried in a Thermoline 
vacuum oven (Scientific Equipment, Australia) at 25
o
C (absolute pressure 80 kPa). The dried 
powders were subject to GC, 
13
C solid-state nuclear magnetic resonance spectrometry (
13
C ss-
NMR) and Fourier transform infrared spectroscopy (FTIR) analyses. These methods have been used 
by Ho et al. (2011b) to confirm the completion of ethylene (C2H4) gas release from C2H4-α-CD 
complex powder when it was suspended into water.  
 
a). GC analysis 
About 0.5 mg of dried powders was placed into 17.5 mL amber airtight screw top vials (Supelco, 
Bellefonte, USA). The vials were tightly closed and incubated in an oven at 60
o
C for 3 days. Due to 
presence of CO2 in the air, another set of vials containing no powder was used as a reference. The 
gas in the headspace of these vials was taken and injected into the GC. The difference in CO2 
concentrations between the two sets of vials indicates the level of CO2 remaining in the residual 
powder. The procedure for GC operation was followed as described in section 4.2.2.2.  
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b). 
13C ss-NMR analysis 
NMR spectra of CO2 complex and residual powders were obtained using a Bruker Advance III 
NMR (Bruker AXS GmbH, Karlsruhe, Germany) under CP-MAS (300 MHz) and high-power 1H 
dipolar decoupling. During measurement, the sample was spun at a speed of 5 kHz using Zirconia 
rotors. The NMR spectra (300 ppm maximum in width) was expressed via Topspin NMR software.  
 
c). FTIR analysis 
FTIR spectra of CO2 complex and residual powders were recorded using a FTIR Spectrometer 
Attenuated Total Reflectance (ATR) Spectrum 100 (PerkinElmer Ltd., Beaconsfield, UK) with a 
frequency ranging from 4000 to 650 cm-1. The spectral resolution and the number of scans were 
fixed at 4 cm-1 and 16, respectively.  
 
4.2.3.2. Acid-base titration method  
This method was a modification of the one reported by Jakobsen and Bertelsen (2004). It is based 
on the measurement of the amount of Ba(OH)2 remaining after its reaction with CO2 released from 
the complex powder. This is done by titration of the solution with HCl solution. The designed 
system included 2 flasks (100 mL, Buchner) tightly connected by a neoprene tube. One flask 
contained 5 mL of 0.5M H2SO4 (flask 1), while the other contained 10 mL of a 0.1M Ba(OH)2 
solution (flask 2). About 1-2 g of complex powder was transferred into flask 1, then the system was 
completely closed and kept at room temperature for 18-24 h. During that time, the CO2 which 
evolved from the complex powder would be absorbed by 0.1M Ba(OH)2 solution in flask 2, and the 
reaction product Ba(CO3)2 would precipitate. The residual Ba(OH)2 was titrated using 0.1M HCl 
solution with phenolphthalein indicator.  
 
4.2.4. Experimental design and statistical analysis 
The experiments were performed using a completely randomized design with three replications.  
The data were subject to analysis of variance (ANOVA) at significance level p = 0.05 using the 
Minitab® Released 16 statistical programme (Minitab Co., USA). Tukey‟s multiple comparison test 
was employed to differentiate between mean values. For the characterization of complex powders 
and remaining solids (e.g. NMR and FTIR), each criterion was repeated at least two times. 
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4.3. RESULTS AND DISCUSSION 
4.3.1. Validation of the CO2 measuring system 
4.3.1.1. Purity of dry ice     
The dry ice with extremely high purity (99.99%) could be considered as a pure CO2, which means 
that all of the dry ice (W1) would be converted to CO2 gas (W2) (e.g. W1 = W2) after complete 
sublimation. In order to evaluate this assumption, a known amount of dry ice was used to produce a 
different pressure environment in a hermetic bottle. The pressure levels in the container were 
measured by a pressure gauge and compared with the calculated values based on the amount of dry 
ice used, and three equations of state including the ideal gas law (eq. 4.1) and those reported by 
Duan and Zhang (2006) (eq. 4.2) and by Pivovarov (2013) (eq. 4.3). These equations are shown in 
appendix A.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: The correlation between measured and calculated pressure produced by dry ice. 
 
The results shown in Figure 4.2 indicate that the measured pressure was nearly the same as the 
calculated pressure from all equations up to 15 bars. However, eqs. 4.2 and 4.3 showed a better 
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degree of correlation than eq. 4.1, with the slope of the fitted line being 0.9904, 1.0231 and 0.9736, 
respectively. This is probably because, unlike eqs. 4.2 and 4.3, eq. 4.1 neglects CO2 intermolecular 
interactions and compressibility (Poling et al., 2001). These considerations become less important at 
low pressure and density. At low pressure (< 2 bars), the correlation constant of eq. 4.1 was nearest 
to 1 (small graph in Figure 4.2), in comparison to that of eqs. 4.2 and 4.3. It can be concluded that 
the CO2 gas produced from dry ice behaves in an almost similar way to an ideal gas at low pressure, 
and that dry ice can be considered as a pure CO2 substance. Small amounts of moisture present in 
the dry ice (< 0.06%, w/w) (Tanaka and Iino, 1974) can cause a negligible degree of error. 
 
4.3.1.2. Comparison between the amount of actual dry ice added in the chamber and that 
measured by the infra-red CO2 probe 
The correlation between the amount of dry ice added in the system (W1) and the amount of CO2 
measured by the CO2 probe (W2) is illustrated in Figure 4.3. As expected, the average difference 
between W1 and W2 values was about 5.64%. This difference probably reflects the quick and 
continuous sublimation of dry ice under atmosphere conditions, which results in the inevitable loss 
of dry ice during weighing and transferring it from balance to the system. Moreover, the slight 
alteration of pressure and temperature in the chamber due to dry ice‟s sublimation might be another 
contributing factor to this difference.   
 
 
 
 
 
 
 
 
 
 
Figure 4.3: The relationship between the amount of dry ice added in the chamber  
and that measured by the CO2 probe system. 
 
For quantification of CO2 gas concentration, GC has been often considered as the most accurate 
method, while gas probes offer cheaper and more practical ways (Hendrickx et al., 2008). 
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Therefore, a comparison of the CO2 concentration in the headspace measured by GC and CO2 probe 
is another way to validate the accuracy of this system. The results of this correlation illustrated in  
Figure 4.4 indicate that there was a very strong correlation of the values measured by two methods 
with a R
2
 = 0.999. A strong relationship of the CO2 flux measured by a semiconductor CO2 sensor 
and GC has also been reported (Tassanee et al., 2006). 
 
 
 
 
 
 
 
 
Figure 4.4: Correlation of CO2 concentration (ppm) measured by GC and CO2 probe system
  
(three replications for each point of measurements). 
 
As indicated in the above results, the CO2 probe system can be a reliable alternative approach to GC 
to determine CO2 concentration in the headspace.  
 
4.3.2. Measurement of CO2 released from the CO2--CD complex powders 
4.3.2.1. Residual CO2 in the powder after release of gas  
The results of 
13
C NMR analysis for complex powder (a) and remaining solids of complex powder 
dissolved into water in the CO2 measuring system (b), are shown in Figure 4.5. As reported, the 
resonance of CO2 in gas phase under 
13
C NMR spectrum at ambient conditions was about 124.2-
124.4 ppm (Kohn et al., 1991; Sozzani et al., 2005). This peak was shifted up or down 1-2 ppm as 
CO2 was entrapped into the solid matrices, depending on the type of materials (Kong et al., 2012; 
Omi et al., 2005). Therefore, the peak at 125.3 ppm, which was only detected on the NMR spectrum 
of complex powder, corresponds to CO2 molecule encapsulated into the -CD cavity; the other 
NMR spectrum did not show any such peak. Moreover, the results of GC measurement indicated 
that the CO2 concentration in the vials containing the remaining solids of complex powder was 
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quite similar to that in the reference vials, with about 0.046% (v/v) for the remaining solids and 
0.045% (v/v) for the references. The CO2 level in the air mixture was reported to be about 0.03% 
(v/v) (Subramani, 2012), which is highly dependent on emissions and activities of people. 
 
 
 
 
 
 
 
Figure 4.5: 
13
C NMR spectra of complex powder (1.45 mol CO2/mol α-CD) (a) and  
remaining solids of complex powder dissolved into water in the CO2 measuring system (b). 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
Figure 4.6: FTIR spectra of complex powder (0.15 mol CO2/mol α-CD) (a) and  
remaining solids of complex powder dissolved into water in the CO2 measuring system (b). 
 
Under infrared spectrum of CO2 gas, only two vibrational bands, namely an asymmetric mode at 
2349 cm
-1
 and a bending mode about at 667 cm
-1
 are observed (Urbansky, 2001). A remarkable 
difference on the FTIR spectra between complex powder and remaining solids is that a strong band 
at 2334 cm
-1
 was only observed for the former (Figure 4.6). The wavenumber of this band (2334 
cm
-1
) is higher than that of asymmetric vibrational band of CO2 gas of about 15 cm
-1
. This 
phenomenon is known as red-shift caused by the occupation of CO2 in α-CD cavity under pressure 
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(Neoh et al., 2006), and is also reported for complexes of CO2 with other solid matrices, such as 
KBr pellets (Jamróz et al., 1992; Keresztury et al., 1980) and p-t-butylcalix[4] arene (Graham et al., 
2002). Moreover, it was impossible to detect a bending mode at 667 cm
-1
 of CO2 on the FTIR 
spectra of CO2-α-CD complex powder, because this peak declined sharply in intensity due to 
increased pressure and limited space for CO2 rotation, as the CO2 was compressed into solid 
matrices and consequently this peak fell into the fingerprint region of α-CD (1500-500 cm-1) 
(Keresztury et al., 1980; Neoh et al., 2006). 
 
The results of 
13
C NMR, GC and FTIR analyses confirmed that the CO2 was completely released 
into headspace as the complex powder was dissolved in water (complex powder : water ~ 1 : 2) and 
stirred for about 45 min. This is because of the water solubility of α-CD powder and only physical 
bonds being formed between CO2 and α-CD cavity in complex powder.  
 
4.3.2.2. Comparison of CO2 measurement of complex powder by the CO2 probe and acid-base 
titration method  
 
 
 
 
 
 
 
  
Figure 4.7: Correlation of CO2 concentration (%, w/w) measured by CO2 probe system
 
and  
acid-base titration method. 
 
Acid-base titration has been used to determine the amount of CO2 in air (Malygin and Ponomareva, 
2007), meat (Jakobsen and Bertelsen, 2004) and CO2-α-CD complex powder (Neoh et al., 2006). 
However, the complexities in chemical solution preparation and titration of this method, along with 
a very long time requirement for chemical reactions (more than 24 h), require an alternative simpler 
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approach to quantify the amount of CO2 adsorbed in solid matrices. In this study, the CO2-α-CD 
complex powders with different levels of CO2 were simultaneously subjected to acid-base titration 
and the CO2 probe system, their correlation is shown in Figure 4.7. The measurement results of two 
methods were quite comparable, especially at low CO2 concentration in the complex powders (R
2
 = 
0.9973). However, the ANOVA statistical analysis revealed that there was an insignificant 
difference (p > 0.05) of CO2 concentration measured by two methods when the CO2 concentration 
in the complex powder was less than 4.20% (w/w), but significant difference (p < 0.05) at higher 
CO2 concentrations (e.g. 5.50%, w/w). Moreover, it was also noted that the values determined by 
the CO2 probe measuring system were always slightly higher than those measured by the acid-base 
titration method. The reason for this difference is probably because of the immediate release and 
loss of CO2 gas following the addition of H2SO4 and closure of the flasks, and this loss seems to 
become higher for higher CO2 concentration complex powders.  
 
4.4. CONCLUSION    
The results suggest that the CO2 measuring system developed in this research can be a simple and 
inexpensive alternative method to the complicated methods such as GC or acid-base titration, 
provided that the CO2 is completely released from the solid matrices in the given conditions in the 
system. The indispensable components of this system include an infra-red CO2 probe, air-tight 
chamber and fan systems. The system has been shown to accurately measure the amount of CO2 
encapsulated into α-CD powder. Moreover, it is possible to continuously measure the amount of 
CO2 released or to study the release kinetics and stability of complex powders under various 
temperature and relative humidity conditions, depending on the working conditions of the CO2 
probe. This system would be suitable for a solid matrix which releases the adsorbed gas upon its 
rehydration. 
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Chapter 5 
 
Encapsulation of CO2 into Amorphous and Crystalline 
Alpha-Cyclodextrin Powders and the Characterization of the 
Complexes Formed 
() 
 
ABSTRACT  
Carbon dioxide (CO2) complexation was undertaken into solid matrices of amorphous and 
crystalline α-cyclodextrin (α-CD) powders, under various pressures (0.4-1.6 MPa) and time periods 
(4-96 h). The results showed that the encapsulation capacity of crystalline α-CD was significantly 
lower than that of amorphous α-CD at low pressure and over a short time (0.4-0.8 MPa and 4-24 h), 
but was markedly enhanced with an increase in pressure and prolongation of encapsulation time. 
For crystalline powder, at each pressure level tested, except for complex powder encapsulated at 0.4 
MPa in which encapsulation capacity increased slowly during the time course of encapsulation, the 
time required to reach a near equilibrium encapsulation capacity was around 48 h. This time was 
much longer than that required for the amorphous powder which only required about 8 h. The 
inclusion complex formation of both types of α-CD powders was confirmed by the appearance of a 
CO2 peak on the FTIR and NMR spectra. The characterization of inclusion complexes by DSC, 
TGA, SEM and X-ray analyses, and their release properties at 75% RH and 25
o
C, were also 
investigated.  
 
Keywords: α-cyclodextrin powder, carbon dioxide, inclusion complex, solid encapsulation. 
 
 
 
 
 
                                                 
()
 This chapter, apart from the section on release properties, has been published as a research paper in the Food 
Chemistry (IF = 4.529): HO, T. M., HOWES, T. & BHANDARI, B. R. 2015. Encapsulation of CO2 into amorphous and 
crystalline α-cyclodextrin powders and the characterization of the complexes formed. Food Chemistry, 187, 407-415. 
The manuscript was modified to keep the format consistent throughout the thesis. 
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5.1. INTRODUCTION 
Carbon dioxide (CO2) gas is widely used in many fields, especially in food and agricultural 
production, to control the rate of respiration of agricultural products (Arvanitoyannis, 2012; Energy 
Institute, 2010), to retard the growth of undesirable organisms, and to improve the quality of meat 
and fish (Phillips, 1996), dairy (Hotchkiss et al., 2006) and orange juice products (Shomer et al., 
1994). It is also used as a bubble-creating agent in many kinds of beverages (beer, soft drinks, soda 
water or coffee drinks) to enhance their organoleptic properties and prevent  microbial development 
(Zeller and Kim, 2013), and in confectionery products such as pop rock candy to give a popping 
feeling while chewing the candy (Kleiner et al., 1981). For these applications, CO2 gas is normally 
obtained from high-pressurized gas cylinders or ethanol fermentation processes. The use of CO2 gas 
from these sources has some shortcomings in regard to safety and handling. There are attempts to 
adsorb CO2 in many solid matrices for ease of use, but the solubility and diffusion of CO2 in solid 
materials is usually very low, therefore it is very difficult to maintain CO2 in high concentration (Ho 
et al., 2014). Many solid matrices used are not food-grade. There is therefore limited application if 
they have to be used for food and pharmaceutical applications. These drawbacks can be addressed 
through the production of CO2 powder via encapsulation of CO2 into non-toxic, biodegradable and 
biocompatible solid matrices, and α-CD powder is an ideal matrix for this regard (Ho et al., 2014). 
It is categorized as GRAS (Generally Recognized As Safe) in the USA, a natural product in Japan, 
and novel food in Australia and New Zealand (FSANZ, 2004; Irie and Uekama, 1997). The 
production of CO2 food powder offers a safe method for further use and delivery, and is quite useful 
in circumstances where a small amount of gas is required (Ho, 2013). 
 
Some studies on CO2 encapsulation into α-CD powder have been reported (Neoh et al., 2006; 
Szejtli, 1988; Zeller and Kim, 2013; Pereva et al., 2015). However, in these reports, the inclusion 
complexes were mainly produced by compressing the gas into a α-CD solution at a certain pressure 
and time. This method has major disadvantages. It is carried out in a bath and takes several days for 
crystallization, precipitation, filtration and dehydration of complexes. Another drawback is a low 
yield of less than 50% of obtained complexes (Ho et al., 2011; Neoh et al., 2006). 
 
An alternative technique, which can overcome the above disadvantages, is solid encapsulation in 
which CO2 gas is directly complexed into α-CD powder in solid state, giving a potential 100% 
yield. Unfortunately, the commercial α-CD is crystalline powder with an ordered and densely 
packed molecular structure. This restricts CO2 gas from rapidly diffusing into the cavity, especially 
under low pressure and within short periods of time. In such circumstances, the amorphous α-CD 
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powder with a loose and random molecular arrangement can be more beneficial for quicker 
complexation. There is some published information on the complexation of ethylene with 
amorphous α-CD by Bhandari and Ho (2014). However, there has been no published research on 
the encapsulation of CO2 into an amorphous α-CD powder.   
 
The characterization of inclusion complexes is also very important to confirm the inclusion 
complex formation and to determine their potential applications. Various analytical techniques to 
characterize CD complexes have been reported (Ho et al., 2011; Neoh et al., 2007; Singh et al., 
2010), including scanning electron microscope (SEM), X-ray diffraction (X-ray), differential 
scanning calorimetry (DSC), thermogravimetric analysis (TGA), nuclear magnetic resonance 
spectrometry (NMR), Fourier transform infrared spectroscopy (FTIR), wettability and dissolution 
techniques. Therefore, together with an investigation on CO2 encapsulation capacity of amorphous 
and crystalline α-CD powders via solid encapsulation technique, the characterization of the resultant 
complex powders was also undertaken in this research.  
 
5.2. MATERIALS AND METHODS 
5.2.1. Materials 
Crystalline α-CD powder (99% purity) was obtained from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany) and amorphous α-CD powder was produced by spray drying as described 
in chapter 3 (Ho et al., 2015). A 10% (w/w) α-CD solution was prepared and spray-dried at inlet and 
outlet drying air temperature of 180 and 80oC, respectively, using an Anhydro spray dryer (The 
University of Queensland, Australia). All powders were stored in a dry and airtight container until 
they were used for experiments. All other chemicals used in this study were of analytical reagent 
grade. 
 
5.2.2. Preparation of the CO2-α-CD inclusion complexes 
The inclusion complexes of CO2 with amorphous and crystalline α-CD powders were prepared by 
the solid encapsulation method at pressures of 0.4, 0.8, 1.2 and 1.6 MPa for 4-96 h using a pressure 
vessel developed by The University of Queensland, Australia. About 20 g of α-CD powders was 
weighed into plastic containers which were then placed into a pressure vessel chamber (52 mm in 
diameter and 220 mm in depth). The vessel chamber containing the samples was first flushed with 
CO2 gas at least three times to eliminate any residual air before setting the desired pressure level. 
The vessel pressure was regularly checked and re-supplied with CO2, especially during the first 1-2 
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h of the encapsulation process, to maintain the pressure in the chamber at the required level. After 
encapsulation for a predetermined time, the complex powder was removed and the amount of CO2 
encapsulated was quantified.  
 
5.2.3. Quantification of CO2 gas in the complex powder 
The CO2 encapsulation capacity of α-CD powders was determined using the infrared CO2 probe 
system described in chapter 4 (Ho et al., 2016). About 10 mL of distilled water was used to release 
the CO2 from 4 to 5 g of complex powders into the headspace of a sealed chamber. The CO2 
released from the complex powder included CO2 in the headspace and CO2 dissolved into water. 
Due to the presence of CO2 in the air, the CO2 in the headspace was calculated from difference 
between values measured without and with complex powder. The CO2 concentration dissolved in 
water was estimated based on Henry‟s Law: Cw = 0.8317*Ch (25
o
C) in which Cw and Ch are the CO2 
concentrations (cm
3
/m
3
) in the water and headspace, respectively (Sander, 1999). From these 
results, the CO2 concentration in the complex powders was reported as the molar inclusion ratio 
(mol CO2/mol -CD).  
 
5.2.4. Characterization of CO2-α-CD inclusion complex powders 
5.2.4.1. Moisture content 
The moisture content of α-CD powders and their complexes was determined by AOAC 925.45 
(AOAC, 1996). About 1 g of samples was weighed into aluminum dishes and dried in a Thermoline 
vacuum oven at 70oC (absolute pressure 80 kPa) (Scientific Equipment, Australia) until the mass 
change of samples between two consecutive measurements was less than 2 mg. 
 
5.2.4.2 Scanning electron microscopy (SEM) 
The SEM images of α-CD powders and their complexes were obtained by using a JEOL JMS 
6460LA Scanning Electron Microscope (Jeol Ltd., Tokyo, Japan). The samples were fixed on 
double-sided carbon tape and dried in a desiccator with silica gel for at least 24 h, after which they 
were coated with iridium (in argon) at 15 mA for 100 s using a MED 020 Suptter Coater (BalTec 
Maschinenbau AG, UK). During SEM scanning, the accelerating voltage was set at 15 kV and 
working distance was fixed at 10 cm. 
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5.2.4.3. Fourier transform infrared spectroscopy (FTIR) 
FTIR spectra of α-CD powders and their complexes were recorded using a FTIR Spectrometer 
Attenuated Total Reflectance (ATR) Spectrum 100 (PerkinElmer Ltd, Beaconsfield, UK). The 
scanning frequencies ranged from 4000 to 650 cm-1. Spectral resolution was 4 cm-1 and the number 
of scans was 16. 
 
5.2.4.4. X-ray diffraction analysis 
X-ray diffractograms of α-CD powders and their complexes were obtained by using the Bruker 
Advance MK III X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) in which Cu 
radiation and a graphite monochromator at 25oC with 1oC/min were utilized. The samples were 
measured with 40 kV in voltage, 30 mA in current, an angular range of 2θ = 3-30o, 0.02o in step size 
and 1 s of time constant. 
  
5.2.4.5. Thermal analysis   
The thermal properties of α-CD powders and their complexes were characterized by using 
differential scanning calorimetry (DSC, Mettler Toledo, Switzerland) and thermogravimetric 
analysis (TGA, Mettler Toledo, Switzerland). For both methods, about 5-10 mg of samples was 
sealed in an aluminum pan by a pin-hole lid. The range of thermal scanning was 25-250oC for DSC 
and 25-400oC for TGA, with a heating rate of 10oC/min. Nitrogen and hydrogen were used as the 
purge gas for DSC and TGA, respectively. The thermal analyzers were calibrated before the sample 
analysis.  
 
5.2.4.6. 13C solid-state nuclear magnetic resonance spectrometry (13C ss-NMR) 
Solid-state NMR spectra of α-CD powders and their complexes were recorded by using a Bruker 
Advance III NMR (Bruker AXS GmbH, Karlsruhe, Germany) at 300 MHz under CP-MAS and 
high-power 1H dipolar decoupling to increase its sensitivity and spectral resolution. During 
measurement, Zirconia rotors were utilized to spin the samples at a speed of 5 kHz. Topspin NMR 
software was used to express the NMR spectra. 
 
5.2.5. Release properties of CO2--CD complex powders  
The release properties (75% RH and 25oC) of CO2-α-CD complex powders prepared from 
amorphous and crystalline α-CD powders at 0.4 and 1.6 MPa for 48 h were investigated. The 
amount of CO2 released at a certain time was measured using an infra-red CO2 probe measuring 
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system described in chapter 4 (Ho et al., 2016). The RH (75%) inside the system was maintained by 
using saturated NaCl solution prepared at least 24 h prior to performing the experiment. The system 
was kept in an incubator to control the temperature at 25oC. About 2 g of the complex powders was 
weighed and placed into the chamber (16.45 L of volume). The amount of CO2 released into the 
chamber headspace was continuously recorded over time until more than 90% of the encapsulated 
CO2 was released (e.g. about 9 h for amorphous complex powders and 24 h for crystalline 
counterparts). Then, in order to determine initial CO2 concentration in the complex powders, 10 mL 
of distilled water was injected into the sample container and a magnetic stirrer system was also used 
to ensure the complete release of the CO2 from the complex powders.  The release rate of CO2 was 
expressed as a release fraction (X) based on the initial concentration.  
 
In order to investigate the release mechanism of CO2 from the complex powders, Avrami‟s equation 
(5.1) was applied. Although this equation was initially developed to describe the crystallization 
behavior of polymers (Avrami, 1940), it has been commonly used to study the release kinetics of 
encapsulated components in solid-, liquid- or gas-solid matrices (Ho et al., 2011b; Li et al., 2007; 
Neoh et al., 2006; Reineccius et al., 2002; Shiga et al., 2001; Soottitantawat et al., 2004); 
 
    −    (−(  ) )                                                                    (   5  ) 
 
where, X (-) is the release fraction of CO2 at time t (h), k (h
-1
) is the release rate constant and n (-) is 
the release mechanism order. The k and n values can be determined from the intercept and slope of 
a linear plot of ln(-ln(1-X)) versus ln(t), which is derived from equation (5.1). A half-time (t1/2) 
value expressing the time required for 50% of encapsulated component to release (X  0.5) can be 
determined by rearranging equation (5.1). As X  0.5, t1/2 can be calculated by using the following 
equation.  
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5.2.6. Design of the experiment and statistical analysis  
The encapsulation experiments were performed following a completely randomized design with at 
least two replications (in which three measurements were carried out for each replication). The data 
were subject to analysis of variance (ANOVA) at significance level p = 0.05 using the Minitab® 
Released 16 statistical programme (Minitab Co., USA). Tukey‟s method was employed to 
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differentiate between mean values. For the characterization of inclusion complexes, each criterion 
was repeated at least two times.  
 
5.3. RESULTS AND DISCUSSION 
5.3.1. Encapsulation capacity of amorphous and crystalline α-CD powders 
The encapsulation capacity of CO2 into amorphous and crystalline α-CD powders at different 
pressure (0.4-1.6 MPa) and time (4-96 h) is shown in Figure 5.1. The results revealed that for both 
types of structure of α-CD powders, the increase of adsorption pressure and time resulted in an 
increase of encapsulation capacity, especially for crystalline α-CD powder. This is because of an 
increase of gas density and penetration force at higher pressure and longer time of encapsulation 
(Ho, 2013). The analytical results showed that there were statistically significant differences (p < 
0.05) between encapsulation capacity values among pressure, time and types of -CD solid 
structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Encapsulation capacity of CO2 into amorphous and crystalline α-CD powders. 
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The amorphous α-CD powder with no long-range order and loose structure allows CO2 to diffuse 
easily into the molecular cavities in which interfacial interactions between CO2 and α-CD molecules 
are formed (Bhandari and Hartel, 2005). Therefore, the CO2 encapsulation capacity of amorphous 
α-CD powder was relatively high at low pressure and short time, even at 0.4 MPa and 4 h the 
amorphous α-CD-CO2 complex powder contained about 0.55 mol CO2/mol α-CD. However, the 
CO2 in amorphous α-CD complex powder is not held strongly. Upon depressurization, part of the 
encapsulated CO2 will be released. This might have led to a slow increase in the encapsulation 
capacity of amorphous α-CD powder at high pressure and over a long time. At all pressures 
investigated, the encapsulation capacity of amorphous α-CD powder reached its maximum value 
within 8 h. There was no further increase due to the immediate loss during depressurization. 
 
In contrast, it is difficult for CO2 to diffuse into the highly packed structure of crystalline α-CD 
powder (Bhandari and Hartel, 2005). Therefore, the CO2 encapsulation capacity of crystalline α-CD 
powder was significantly lower than that of amorphous α-CD powder at low pressure and short time 
(e.g. 0.4-0.8 MPa and 4-24 h), but considerably higher than that of amorphous α-CD powder at 
higher pressure and longer time (P > 0.8 MPa and t > 48 h). The maximum CO2 encapsulation 
capacity of crystalline α-CD powder recorded was about 1.45 mol CO2/mol α-CD (about 6.20%, 
w/w) at 1.6 MPa for 48 h. This result is quite similar to a value reported by Neoh et al. (2006) in 
which a mole of crystalline α-CD powder entrapped 1.28-1.41 mol CO2 at pressure 1-3 MPa over  
48 h. In a report by Ho (2013) the non-polar ethylene gas (C2H4) encapsulation capacity into 
crystalline α-CD powder was extremely low, less than 0.014 mol C2H4/mol α-CD at 1.5 MPa for 48 
h. This dissimilarity is probably because of differences in molecular geometry between C2H4 and 
CO2. The molecular structure of CO2 is linear with an angle between bonded atoms of 180
o
 and a 
longitudinal dimension of 0.232 nm, while that of C2H4 is trigonal planar with H-C-H and H-C-C 
angles of about 120
o
, and C-C and C-H distances of 0.134 nm and 0.110 nm, respectively (Kotz et 
al., 2011). These differences result in dissimilarity in molecular size and thermodynamic properties 
which are two key factors in the determination of complex formation of cyclodextrin and guests 
(Del Valle, 2004). 
 
The differences in encapsulation capacity of amorphous and crystalline α-CD powders might be 
partly influenced by their particle size. In chapter 3 (Ho et al., 2015), it was reported that the 
particle size of crystalline α-CD powder was significant larger and more widely distributed than that 
of amorphous α-CD powder. With an assumption of spherical particles, the average particle 
diameter calculated from the surface area of amorphous and crystalline α-CD powders was 13.28 ± 
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0.51 μm and 44.10 ± 5.38 μm, respectively. The larger particles will require more time for CO2 to 
diffuse, while the intermolecular pore space of the crystalline structure can also adsorb more gas 
under compression. The relationship of the effects of particle size of crystalline structure on the 
complexation kinetics needs further study.  
 
5.3.2. Qualitative characterisation of inclusion complexes 
5.3.2.1. Moisture content  
During moisture analysis of complexes, both water evaporation and CO2 release will occur. 
Therefore, the moisture content (MC) of complexes was only calculated after subtracting the 
amount of CO2 released, which is the difference in the amount of the CO2 in the complexes before 
and after moisture analysis. The MC of α-CD powders and their complexes is illustrated in Table 
5.1. For each type of α-CD powder (amorphous and crystalline), the MC of complex powders was 
lower than that of uncomplexed α-CD powder. The complexes with the higher encapsulation 
capacity had a lower MC. A similar result has also been reported by Ponce Cevallos et al. (2010) 
and Fang et al. (2013) for the encapsulation of essential oils into CD. These probably reflect the 
exclusion of water from the cavity of α-CD molecules by CO2 under pressure effects.  
 
Table 5.1: Moisture content of α-CD powders and their complexes. 
Sample Moisture content, % (d.b.) 
Crystalline α-CD  9.84 ± 0.26 
Amorphous α-CD  5.58 ± 0.16 
CO2 complexed with crystalline α-CD (0.30 mol CO2/mol α-CD) 8.67 ± 0.08 
CO2 complexed with crystalline α-CD (1.45 mol CO2/mol α-CD) 7.53 ± 0.15 
CO2 complexed with amorphous α-CD (0.62 mol CO2/mol α-CD) 3.72 ± 0.10 
CO2 complexed with amorphous α-CD (0.91 mol CO2/mol α-CD) 2.80 ± 0.16 
 
5.3.2.2. SEM analysis 
The SEM images of α-CD powders and their complexes under different encapsulation conditions in 
Figure 5.2 indicates that CO2 encapsulation at moderate pressure (≤ 1.6 MPa) almost did not induce 
any changes in the morphology of α-CD powders. However, cracks were observed to develop on 
the surface of some crystalline complex particles, and these cracks become more obvious with an 
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increase in pressure. This might have been caused by the pressure effect and/or the penetration of 
CO2 into the powder particles, weakening the structure of the particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5.2: The SEM images of α-CD powders and their complexes with CO2.  
 
5.3.2.3. FTIR spectroscopy 
The CO2 molecule has no net dipole moment at rest because it has a linear and centrosymmetric 
arrangement consisting of two oxygen atoms covalently double-linked to a carbon atom (Smith, 
1999). Under infrared radiation, the CO2 molecule absorbs infrared light and stretches to produce 
four vibrational bands, namely, an a symmetric stretch at 1390 cm
-1
, an asymmetric mode at 
2349 cm
-1
, and two bending modes (the same harmonic vibrational frequency) at about 667 cm
-1
 
(Urbansky, 2001). However, only two peaks (at 2349 and 667 cm
-1
) are clearly shown on the 
infrared spectra of CO2 gas by using FTIR analysis (Dierenfeldt, 1995). Therefore, the presence of 
these peaks on the FTIR spectra of complexes can be evidence of the entrapment of CO2 in α-CD 
cavity or complex formation. Moreover, it is also believed that CO2 might interact with hydroxyl 
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groups (-OH) of water in α-CD powder and α-CD molecules to form carbonic acid (H2CO3), instead 
of forming complexes (Neoh et al., 2006). If this assumption is correct, a strong adsorption peak at 
wavenumber range of 1770-1750 cm
-1
, representing carbonyl groups (C=O) in organic compounds 
such as aldehyde, ketone, ester and carboxylic acid (Coates, 2000), will be observed on the FTIR 
spectra of complexes. However, no such peak (1770-1750 cm
-1
) was identified on the FTIR spectra 
of the complex samples (Figure 5.3). Therefore, it is possibly concluded that there is no carbonic 
acid formation during encapsulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: FTIR spectra of α-CD powders and their complexes with CO2. 
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As can be seen in Figure 5.3, unlike the FTIR spectra of uncomplexed α-CDs, a strong band at 2334 
cm
-1
 was observed for all complexes regardless of whether the complexes were formed with 
amorphous or crystalline α-CD powders. The wavenumber of this band is about 15 cm-1 less than 
that of the asymmetric vibrational band of CO2 gas. This phenomenon, known as “red-shift”, was 
caused by the occupation of CO2 in the cavity of α-CD under high pressure (Neoh et al., 2006). A 
red-shift phenomenon of this wavenumber was also reported for complexes of CO2 with various 
solid matrices such as p-t-butylcalix[4]arene (Graham et al., 2002) and KBr pellets (Keresztury et 
al., 1980). 
 
Similar to the results reported by Neoh et al. (2006), there was no the bending mode at 667 cm
-1
 of 
CO2 on the FTIR spectra of CD complexes, because this peak might fall into the fingerprint region 
(1500-500 cm
-1
) caused by encapsulation of CO2 into α-CD cavities. Moreover, it was reported that 
the intensity of this peak declined sharply due to increased pressure and limited space for CO2 
rotation when it was compressed into a KBr pellet (Keresztury et al., 1980). These findings were 
comparable to those of this study in which the bending mode at 667 cm
-1
 of CO2 was not found on 
any spectra of the complexes. 
 
In addition, a comparison of the FTIR spectra between crystalline α-CD and its complexes revealed 
that there was a slight change and a reduction in intensity of peaks at 1500-1180 cm
-1
 and 998 cm
-1
. 
These peaks are assigned for C-H (or H-C-H) bending and cyclohexane ring vibrations (1005-925 
cm
-1
) (Coates, 2000). However, for the complexes of amorphous α-CD, there were no such changes. 
These differences possibly reflect the structural differences between amorphous and crystalline α-
CD powders.   
 
The broad peak at a wavenumber range of 4000-3000 cm
-1
 is usually associated with antisymmetric 
and symmetric stretching of hydroxyl groups (O-H) (Coates, 2000). The peak for hydroxyl groups 
of crystalline α-CD powder was 3371 cm-1 and was shifted to a higher frequency (3410 cm-1) as it 
formed a complex with poly(ε-caprolactone)-poly(ethylene oxide)-poly(ε-caprolactone) triblock 
copolymer (Lu et al., 2000). However, in research by Ho et al. (2011) it was reported that this peak 
did not change on the spectra of α-CD inclusion complexes with ethylene gas because this gas was 
included in the α-CD cavity rather than on α-CD surface. Therefore, the α-CD outer ring containing 
the -OH groups was not disturbed during inclusion complex formation. This is in agreement with 
this study in which there was no change on the FTIR spectra at a wavenumber range of 4000-3000 
cm
-1
 for all complexes.  
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5.3.2.4. X-ray analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: X-ray diffractograms of α-CD powders and their complexes with CO2. 
 
Figure 5.4 depicts the X-ray diffractograms of pure amorphous, crystalline α-CD and their 
complexes with CO2 for various encapsulation conditions. Many sharp peaks were observed on X-
ray curves of the CO2 complexes with crystalline α-CD, and two broad peaks found in the CO2 
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complexes with amorphous α-CD powder indicated that the former complexes had a crystalline 
structure and the latter complexes were an amorphous form.  
 
It was also noted that there were obvious differences on the X-ray diffractograms of uncomplexed 
crystalline α-CD powder and its complexes with CO2, while uncomplexed amorphous α-CD powder 
and its complexes had the same X-ray diffraction patterns. These differences reflect the 
dissimilarities in the structure between amorphous and crystalline α-CD powders. Amorphous α-CD 
powder with a short-range order structure allows CO2 gas to get into its cavity easily. Therefore, 
CO2 encapsulation under high pressure (P = 0.4-1.6 MPa) did not cause any changes in its structure. 
This result is comparable to that reported by Ho (2013) for C2H4 gas. 
 
Unlike amorphous α-CD powder, the crystal lattice structure of crystalline α-CD powder 
significantly changed, especially at high pressure, when it was encapsulated with CO2 gas. These 
changes included an increase of peak intensity at angles (2-theta) of 9.5, 9.7, 12.3, 13.4 and 22.1 
and a decrease of peak intensity at angles (2-theta) of 12.1, 14.2, 15.1, 15.7, 19.1 and 21.6.  These 
results are quite similar to those of reports on X-ray diffractograms of complexes between 
crystalline α-CD powder with various gases such as CO2 (Neoh et al., 2006), C2H4 (Ho et al., 2011) 
and 1-MCP (Neoh et al., 2007). Therefore, the alteration of the diffraction pattern of crystal 
complexes is caused by the inclusion of CO2 into the α-CD cavity.  
        
5.3.2.5. Thermal analysis 
a). DSC analysis 
The DSC thermograms of α-CD powders and their complexes with CO2 at different encapsulation 
conditions are shown in Figure 5.5. All the endothermic peaks on these curves represent water 
evaporation, CO2 release (for complexes) or enthalpy relaxation of the amorphous α-CD powder. 
These were confirmed by the disappearance of these peaks in the second DSC scans (the small 
graph in the upper-right corner of Figure 5.5). 
 
For crystalline α-CD powder, the inclusion of CO2 into its cavity led to changes in peak appearance 
of the DSC scans. Unlike the DSC curve of uncomplexed crystalline α-CD, a small peak was 
observed at a temperature range of 45-50
o
C on its complexes, which could indicate CO2 release 
because CO2 is loosely held in α-CD cavity by physical forces which are easily broken due to 
heating (Schneiderman and Stalcup, 2000). When the CO2 concentration in complexes increased 
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from 0.30 to 1.45 mol CO2/mol α-CD, two peaks in the temperature range of 100-125
o
C which were 
observed on the DSC curves of uncomplexed crystalline α-CD and complexes at low CO2 
concentration (0.3 mol CO2/mol α-CD), became merged into a single peak. The other changes were 
a decline of the peak at about 75
o
C and the appearance of a new peak at 140
o
C. The loss of water 
due to complexation is evident from the reduction of the peaks at around 75
o
C and 120
o
C, and from 
appearance of CO2 release peaks at around 50
o
C and 140
o
C. The occupation of CO2 into the 
crystalline α-CD cavity appears to have modified the dynamics of water evaporation. A similar 
result was also reported for DSC analysis of C2H4-α-CD complexes (Ho et al., 2011). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: DSC scans of α-CD powders and their complexes with CO2, 
(*)
 2
nd
 DSC scans. 
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For amorphous α-CD powder, the entrapment of CO2 into its cavity almost did not affect its 
disordered and loose structure. Therefore, the DSC thermograms of uncomplexed amorphous α-CD 
and its complexes were almost identical, although the endothermic hump of amorphous α-CD was 
lower than that of its complexes.  
 
b). TGA analysis  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6: TGA scans of α-CD powders and their complexes with CO2. 
 
The almost complete release of water and CO2 from the complexes observed from DSC scans at 
150
o
C can be confirmed by TGA scans (Figure 5.6). In a temperature range of 25-150
o
C, weight 
loss of uncomplexed crystalline α-CD powder was 9.91%, while for complexed crystalline α-CD 
powders containing 0.30 and 1.45 mol CO2/mol α-CD (corresponding to 1.36 and 6.20% (w/w) of 
CO2) the loss was 10.04 and 13.19%, respectively. A similar situation was also observed for 
amorphous α-CD powder and its complexes, in which the weight loss of uncomplexed amorphous 
α-CD was less than that of amorphous α-CD complexes. In the same temperature range, the weight 
loss of amorphous α-CD powder and its complexes containing 0.62 and 0.91 mol CO2/mol α-CD 
(corresponding to 2.17 and 3.93% (w/w) of CO2) was 6.44, 7.14 and 7.48%, respectively. The 
difference in weight loss of α-CD powders and their complexes is because of the replacement of 
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water in the α-CD cavities by CO2 molecules as a result of complexation. After correcting for CO2 
concentration, the MCs of these complexes were quite compatible to those determined by vacuum 
drying at 70
o
C (Table 5.1). These results are similar to those reported by Ho et al. (2011) in which 
the weight loss of crystalline α-CD powder was less than that of crystallized C2H4-α-CD complexes 
using TGA.  
 
Moreover, it can be seen from the TGA curves that the entrapment of CO2 into cavities of α-CD 
powders by physical forces did not induce any changes in their decomposition temperature, which 
was about 292
o
C for amorphous α-CD powder and approximately 303oC for crystalline α-CD 
powder (Ho et al., 2015). 
 
5.3.2.6. NMR analysis 
The 
13
C NMR spectra of amorphous and crystalline α-CD powders and their complexes are shown 
in Figure 5.7. A peak at 125.3 ppm was only observed on the NMR spectra of complexes, while the 
NMR spectra of uncomplexed amorphous and crystalline α-CD powders did not show such a peak. 
On the 
13
C NMR spectra, a chemical shift of pure CO2 gas under ambient conditions was reported at 
124.2-124.4 ppm (Kohn et al., 1991; Sozzani et al., 2005), which is the same as that of CO2 
dissolved in champagne and sparkling wines (Autret et al., 2005). However, a downward shift of 
2.1 ppm or an upward shift of about 1 ppm were observed as CO2 was entrapped into crystals of 
tris-(-o-phenylenedioxy)-cyclotriphosphazene (Sozzani et al., 2005) or metal-organic framework 
(Mg-MOF-74 and CPO-27-Mg) matrices (Kong et al., 2012), respectively. Moreover, according to 
Omi et al. (2005), on the 
13
C NMR spectrum, the chemical shift of CO2 entrapped into porous 
materials would change, depending on types of materials. Two sharp peaks at 126 and 123 ppm 
were observed for CO2 adsorbed into activated carbon fiber, while only a peak at 126 ppm was 
found for CO2 entrapped into zeolites (e.g. 4A, 5A, FSM-16 and ZSM-5) and mesoporous silica. 
Similarities in the chemical shift of CO2 between CO2 gas and CO2 adsorbed into NaX, NaY and 
NaA zeolites have also been reported (Michael et al., 1986). Therefore, on the basis of these reports, 
it is possible to conclude that the peak at 125.3 ppm on the 
13
C NMR spectrum corresponds to CO2 
molecules encapsulated into α-CD cavity. 
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Figure 5.7: 
13C NMR spectra of α-CD powders and their complexes with CO2. 
 
For inclusion complexes prepared from crystalline α-CD powder, in addition to the appearance of 
125.3 ppm peak, the changes of peaks at C1, C4 and C2-3-5 in which C1 and C4 related to α-(1,4) 
linkage, were also observed on the 13C NMR spectra. The entrapment of CO2 into the cavity of 
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crystalline α-CD powder resulted in a shifting of a peak at C1 from 97.8 ppm to 100.1 ppm, a 
splitting of peaks at C4, and a significant increase of intensity of a peak at 74.2 ppm (C2-3-5). These 
changes, which became obvious as the CO2 concentration in the inclusion complexes increased 
from 0.30 to 1.45 mol CO2/mol α-CD, are possibly caused by the adoption of less symmetrical 
conformation of crystalline α-CD powder to occupy guest molecules in its cavity (Ho et al., 2011). 
The changes of 
13C NMR spectra of crystalline α-CD powder due to the entrapment of guest 
molecules has also been previously reported (Ho et al., 2011; Jara et al., 2008; Li et al., 2003). 
Contrary to the behavior of crystalline α-CD powder, the CO2 entrapment of amorphous α-CD 
powder did not cause any change on the 
13
C NMR spectra, except for an appearance of a new peak 
at 125.3 ppm. 
 
5.3. Release properties of complex powders 
Table 5.2: CO2 concentration measured by the CO2 probe system with and without using saturated 
NaCl solution to control the relative humidity. 
Number of 
measurement 
CO2 concentration (mol CO2/mol -CD) measured by CO2 probe system 
With saturated NaCl solution Without saturated NaCl solution 
1 0.86 ± 0.03 0.84 ± 0.03 
2 0.82 ± 0.08 0.79 ± 0.02 
3 1.12 ± 0.01 1.12 ± 0.04 
4 1.13 ± 0.02 1.04 ± 000 
 
The release properties at 75% RH and 25
o
C were determined to compare the stability of the 
complex powders prepared from amorphous and crystalline α-CD powders. In order to study the 
possible effects of dissolution of the released CO2 into the saturated NaCl solution used to control 
the humidity in the chamber on the measurement of CO2 concentration, the different levels CO2 
content in complex powders were simultaneously quantified with and without using saturated NaCl 
solution in the chamber. The results shown in Table 5.2 indicate that there was an insignificant 
difference in the CO2 concentration measured by these approaches (p > 0.05). It is known that 
solubility of CO2 in water significantly decreases in the presence of other solutes because of salting-
out effects (Liu et al., 2011). Therefore, in order to simplify the calculation, any dissolution of 
released CO2 into saturated NaCl solution was ignored. 
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Figure 5.8: Release profiles (75% RH and 25
o
C) of CO2 from complex powders prepared from 
amorphous and crystalline α-CD powders at 0.4 and 1.6 MPa for 48 h. The dots represent for the 
experimental release fractions while the lines symbolize for the predicted values based on the 
Avrami‟s equation. 
 
The release properties of CO2 from complex powders prepared from amorphous and crystalline α-
CD powders at 0.4 and 1.6 MPa for 48 h are shown in Figure 5.8. For complex powders prepared 
from amorphous α-CD powders at 0.4 and 1.6 MPa, their release profiles were almost identical, 
despite differences in initial CO2 concentration and encapsulated pressure (Table 5.3). The complex 
powders were unstable and more than 90% of the encapsulated CO2 was released within one hour. 
As illustrated by X-ray analytical results in Figure 5.4, the direct compression of gas into α-CD 
powders in solid state did not induce any phase transition, and complex powders prepared from 
amorphous α-CD powders existed in amorphous structure. This type of structure allows 
encapsulated CO2 to escape easily. An immediate release of gas from amorphous complex powders 
after depressurization has also been reported for the C2H4-α-CD inclusion complex (Ho, 2013). In 
contrast, the complex powders produced from crystalline α-CD powders were much more stable 
and the encapsulated pressure had a significant effect on the release properties. Although complex 
powders prepared from crystalline α-CD at 1.6 MPa had a significantly higher initial CO2 
concentrations than those prepared at 0.4 MPa (Table 5.3), the release rate of CO2 from the former 
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was slower than that from the latter, especially within initial 14 h of the release time-course (Figure 
5.8). This is probably because high pressure facilitates the penetration of CO2 molecules into the α-
CD cavity. However, the encapsulated CO2 was almost completely released after only 24 h. The 
instability of complex powders prepared by solid encapsulation using crystalline α-CD powder at 
different initial MC levels (2, 10 and 30 %, w.b.) was also reported by Neoh et al. (2006).  
 
Table 5.3: Initial CO2 concentration, release rate constant (k), release parameter (n), half-life (t1/2), 
R
2
 and % MSE values of CO2 from complex powders prepared from amorphous and crystalline -
CD powders at 0.4 and 1.6 MPa for 48 h based on Avrami‟s equation at 75% RH, 25oC. 
Powder 
Encapsulation 
pressure (MPa) 
Encapsulation capacity  
(mol CO2/mol α-CD) 
Constant 
R
2
 % MSE 
n (-) k (h
-1
) t1/2 (h) 
Crystalline 
-CD 
0.4 0.33 ± 0.00 0.739 0.289 3.27 0.9951 0.0005 
1.6 1.34 ± 0.03 1.061 0.127 4.95 0.9904 0.0011 
Amorphous  
-CD 
0.4 0.62 ± 0.03 0.817 2.497 0.21 0.9993 0.0001 
1.6 0.84 ± 0.07 0.724 2.649 0.16 0.9997 0.0000 
 
Release profiles of CO2 from complex powders produced from amorphous and crystalline α-CD 
powders in solid state were well described by Avrami‟s equation, with a very high R2 and low % 
MSE values (Table 5.3). The constants of Avrami‟s equation which indicate the release rate (k 
value) and release mechanism (n value) were also calculated. The faster release rate of CO2 from 
complex powders prepared from amorphous α-CD powders than those produced from crystalline 
ones, was in agreement with the kinetic analyses of release where the former had a significantly 
higher release rate (k value) constant than the latter. Theoretically, n < 1 represents diffusive release 
kinetics, n  1 corresponds to first-order kinetics and n > 1 indicates a rapid release with an 
induction period (Soottitantawat et al., 2004; Yoshii et al., 2001). Based on the release parameter n 
shown in Table 5.3, it can be concluded that all release conditions, except for complex powders 
prepared from crystalline powder at 1.6 MPa which had a rapid release with an induction period, 
followed the diffusive release kinetics. However, a rapid release of encapsulated gas has prevented 
the practical application of the solid encapsulation approach.  
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5.4. CONCLUSION 
The CO2-α-CD complexes can be produced by directly compressing CO2 gas into α-CD powders in 
solid state. The amorphous α-CD powder is more advantageous in CO2 encapsulation at low 
pressure and short time than the crystalline powder. At 0.4 MPa and 4 h, the former can encapsulate 
about 0.60 mol CO2/mol α-CD while the latter entrapped only 0.05 mol CO2/mol α-CD. Moreover, 
the equilibrium encapsulation time at each pressure level was about 8 h for amorphous powder and 
more than 2 days for the crystalline powder (except for complex powder prepared at 0.4 MPa from 
crystalline powder in which encapsulation capacity still did not reach an equilibrium state after 
being encapsulated for 96 h). An increase of pressure and prolongation of the encapsulation time 
have significantly enhanced the encapsulation capacity of crystalline powder. For example, 
encapsulation ratio of crystalline powder at 1.6 MPa and 48 h was 1.45 mol CO2/mol α-CD, 
considerably higher than that of amorphous powder with just 0.98 mol CO2/mol α-CD.  
 
In order to confirm the CO2-α-CD powder complex formation, FTIR and 
13
C NMR analyses would 
be the appropriate techniques because the peaks representing for encapsulated CO2 can be easily 
identified on the FTIR and 
13
C NMR spectra of these complexes (2334 cm
-1
 and 125.3 ppm, 
respectively). Moreover, the complex formation of crystalline α-CD powder is characterized by 
changes in particle surface (SEM), thermal properties (DSC and TGA) and structure (X-ray 
analysis), whereas complex formation of amorphous α-CD powder did not show any alteration of 
these properties. Although the maximum encapsulation capacity of amorphous α-CD powder is 
lower than that of crystalline α-CD powder, being about 1.05 mol CO2/mol α-CD and 1.45 mol 
CO2/mol α-CD respectively, the CO2 concentration in amorphous CO2-α-CD powder is high 
enough to use in various food applications, such as for extending the shelf-life of cottage cheese 
(400 ppm) or for carbonating various drinks (1,500-5,000 ppm). With a concentration of 1.05 mol 
CO2/mol α-CD, corresponding to about 4.50% (w/w) or 45,000 ppm, it requires less than 15 g or 
about 45 g of amorphous CO2-α-CD powder to preserve 1 kg of cottage cheese (500 ppm) or 
carbonate 1 L of water (2,000 ppm), respectively. However, the release properties (75% RH and 
25
o
C) of CO2 from complex powders indicate that inclusion complexes prepared by solid 
encapsulation are not stable enough for actual application, especially those produced from 
amorphous α-CD powders. Therefore, further investigations on the improvement of the stability of 
complex powders are required.  
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Chapter 6 
 
Encapsulation of CO2 into Amorphous Alpha-Cyclodextrin Powder at 
Different Moisture Contents - Part 1: Encapsulation Capacity and 
Stability of Inclusion Complexes 
()
 
 
ABSTRACT 
This study investigated the effects of water-induced crystallization of amorphous α-CD powder on 
CO2 encapsulation at 0.4-1.6 MPa pressure for 1-72 h through the addition of water (to reach to 13, 
15 and 17% on a wet basis, w.b.) into amorphous α-CD powder prior to encapsulation. The results 
showed that the α-CD encapsulation capacity was over 1 mol CO2/mol α-CD after pressurizing for 
longer than 48 h. The encapsulated CO2 concentration from the addition of water was considerably 
higher (p < 0.05) than that of amorphous α-CD powder (5.22% MC, w.b.) without any added water, 
and that of crystalline α-CD powders under the same MC and encapsulation conditions. A 
comparison of CO2 release properties (75% relative humidity, 25
o
C) from complex powders 
prepared from amorphous and crystalline α-CD powders under the same conditions is also 
presented. 
 
Keywords: Carbon dioxide, crystallization, complex powder, amorphous α-cyclodextrin, solid 
encapsulation. 
 
  
                                                 
() 
This chapter has been published as a research paper in the Food Chemistry (Impact Factor = 4.529): HO, T. M., 
HOWES, T. & BHANDARI, B. R. 2016. Encapsulation of CO2 into amorphous alpha-cyclodextrin powder at different 
moisture contents - Part 1: Encapsulation capacity and stability of inclusion complexes. Food Chemistry, 203, 348-355. 
The manuscript was modified to keep the format consistent throughout the thesis. 
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6.1. INTRODUCTION 
Alpha-cyclodextrin (α-CD) molecules are composed of 6 glucopyranose units linked to each other 
by α-(1,4) linkages to form a hollow truncated cone with an apolar inner cavity and hydrophilic 
surface. The three common types of cyclodextrins are known as α-, β-, and γ-CDs and consist of 6, 
7 and 8 α-(1,4) linked glucopyranose units, respectively. Of these, the α-CD molecule has the 
smallest cavity with a diameter of 0.47-0.53 nm (Del Valle, 2004). It is therefore the most suitable 
solid matrix to form complexes with hydrophilic organic molecules which have less than five 
carbon atoms, especially gas molecules (Hedges et al., 1995). The encapsulation of gases into a 
non-toxic, biodegradable and biocompatible solid matrix, such as α-CD powder, has a wide range of 
potential applications in food and agricultural production (Ho et al., 2014). Ho (2013) produced 
ethylene containing powder by complexing ethylene into α-CD powder at a pressure range of 0.2-
1.5 MPa. This complex powder contained about 2.90% (w/w) ethylene gas and was successfully 
tested for its applicability in horticulture to promote the ripening of mangos (Ho, 2013) and the 
germination of mungbean sprouts (Tran et al., 2013). In a recent patent, Zeller and Kim (2013) have 
demonstrated the use of CO2-α-CD and N2O-α-CD complex powders prepared at 3.4 MPa 
(encapsulated gas concentration about 3.72%, w/w) to enhance the foaming formation ability of hot 
beverages (e.g. cappuccino) and to improve oven-baked pizza volume.  
 
Carbon dioxide (CO2) is the most widely-used gas in food production. It is used to control the rate 
of respiration of agricultural products such as fruits, vegetables, cereal gains and pulses (Kader et 
al., 1989; Yamamoto, 1990), to prevent the growth of spoiled organisms in meat, fish, dairy 
products and fruit juices during storage (Hotchkiss et al., 2006; Ma and Barbano, 2003; Ma et al., 
2001; Phillips, 1996; Shomer et al., 1994) and to carbonate soft-drinks (Steen, 2006). Therefore, the 
production of CO2 containing powder not only offer a convenient and safe approach in the use of 
gas for these applications, but also help address difficulties of conventional usage of CO2 gas in a 
form of high-pressurized cylinders in terms of the availability in small quantity, transportation, 
storage and release control of CO2 gas.  
 
The encapsulation of gas into α-CD powder can be accomplished in two ways. The first technique is 
known as liquid encapsulation and involves compressing CO2 gas into an α-CD solution before 
harvesting the complex powder by crystallization, precipitation, filtration and dehydration. 
Alternatively, CO2 can be encapsulated into a solid state of α-CD (known as solid encapsulation) by 
direct exposure of α-CD powder to the gas at a high pressure (Ho et al., 2015a). Of the two 
methods, solid encapsulation is generally associated with higher yield and significantly shorter 
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encapsulation time (Ho, 2013; Ho et al., 2015a). Nevertheless, as described in chapter 5, in the solid 
encapsulation method, the initial structure of α-CD powder (e.g. amorphous or crystalline) greatly 
affects the encapsulation capacity and subsequent stability of the complex powder. Amorphous α-
CD powder encapsulated much more gas molecules than crystalline α-CD powder at low pressure 
(< 0.5 MPa) and short encapsulation time. Moreover, the time required to reach a near equilibrium 
encapsulation capacity of crystalline α-CD powder was typically twice that of amorphous powder. 
However, complex powders produced by solid method were not stable, especially those produced 
from amorphous α-CD powder in which the encapsulated gas was rapidly lost during the 
depressurization step. This was explained that the penetration of gases into the α-CD cavity does 
not cause any changes in the structure or morphology of the complexed α-CD powder which can 
assist in the stabilization of encapsulated gas. If α-CD powder used to encapsulate gases exists in 
amorphous or crystalline form, the structure of the inclusion complexes formed will remain in the 
same form (Ho et al., 2015a). 
 
In contrast, encapsulated gas in complex powders prepared by the liquid method is stable for 
months under normal conditions, although the process is long and product yield is low (Ho et al., 
2011a; Neoh et al., 2006). During liquid encapsulation, gradual crystallization α-CD molecules 
results in the formation of crystalline complex powders with a regular lattice and tightly packed 
structure (Saenger, 1985). This suggests that in solid encapsulation if amorphous complex powders 
(prepared from amorphous α-CD powders) are crystallized during the encapsulation process, the 
crystalline structure of gas-α-CD complexes might assist with the stabilization of the gases in the 
CD cavity. As a result, the encapsulation capacity of amorphous α-CD powder could be increased, 
and the stability of its complex powder would be improved. However, there has been no published 
work investigating this type of process. In chapter 3 (Ho et al., 2015b), it was reported that the 
amorphous α-CD powder produced by spray drying commenced to crystallize, when equilibrated at 
higher 65% relative humidity (RH), corresponding 13-14% moisture content (MC) on a wet basis 
(w.b.). This MC level is considered to be critical for the spray-dried amorphous α-CD powder. It 
can be assumed that the addition of water into spray-dried amorphous α-CD powder higher than this 
critical level will result in an amorphous-crystalline state transformation. 
 
This study aimed at investigating the effects on CO2 encapsulation capacity of the crystallization of 
amorphous α-CD powder, accomplished by the addition of water in order to increase its initial MC 
to a level close to or higher than the critical level of crystallization (e.g. 13, 15 and 17% MC, w.b.).  
For comparative purposes, the CO2 encapsulation capacity of commercial crystalline α-CD powder 
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under the same conditions was also undertaken. Also undertaken was a comparative study on the 
release properties (75% RH and 25
o
C) of complex powders prepared from both amorphous and 
crystalline α-CD powders.  
 
6.2. MATERIALS AND METHODS  
6.2.1. Materials 
Crystalline α-CD powder (99% purity) was obtained from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany) and amorphous α-CD powder was produced by spray drying of α-CD 
solution with inlet and outlet drying air temperatures of 180 and 80
o
C, respectively, as described in 
chapter 3 (Ho et al., 2015b). All powders were stored in a dry, airtight container until they were 
used for experiments. All other chemicals used in this study were of analytical reagent grade. 
 
6.2.2. Preparation of complex powders by solid encapsulation 
The methods used to encapsulate the CO2 are described in the flow-chart shown in Figure 6.1. 
 
 
 
 
 
 
 
Figure 6.1: Schematic flow-chart of encapsulation process of CO2 in amorphous and crystalline α-
CD powders at different initial MC; (*): The experiment was done in chapter 5 and their data were 
reproduced in this study for comparison purposes (Ho et al., 2015a). 
 
About 15 g of amorphous α-CD powder (5.22% MC, w.b.) was weighed into an aluminium bag. A 
pre-calculated amount of distilled water was added to the powder so that the initial MC of the 
powder was 13, 15 and 17% MC (w.b.), followed by mixing using a hand stirrer. The homogeneity 
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of the sample was confirmed by the similarity of water activity (aw) values of samples collected 
from different positions throughout the bag in a preliminary work. The moistened α-CD powder 
was immediately placed into a pressure vessel chamber (52 mm in diameter and 220 mm in depth) 
developed at The University of Queensland, Australia. In order to eliminate any residual air left in 
the vessel chamber, it was flushed with CO2 gas at least three times prior to setting to the desired 
pressure level (0.4-1.6 MPa). The vessel was regularly re-supplied with CO2 gas, especially at initial 
hours of the encapsulation process, to maintain the required pressure level. After a predetermined 
time (1-72 h), the complex powder was removed from the chamber and the amount of CO2 
encapsulated was quantified using the method described in section 6.2.3.  
 
For comparison purposes, a similar procedure was also repeated for crystalline α-CD powder. The 
amount of water added into the crystalline α-CD powder in order to achieve 13, 15 and 17% initial 
MC (w.b.) was calculated based on its initial MC being 9.07% (w.b.). 
 
6.2.3. Quantification of CO2 gas in the complex powders 
The CO2 gas in the complex powders was quantified using the infrared CO2 probe system described 
in chapter 4 (Ho et al., 2016). About 10 mL of distilled water was used to release the CO2 from 2-4 
g of complex powders into the headspace of a sealed chamber. The concentration of CO2 in the 
headspace was then measured using a CO2 probe (Testo 535, Provo Instrument Pty. Ltd., Australia). 
The CO2 concentration in the complex powders was reported as a molar inclusion ratio (mol 
CO2/mol -CD). 
 
6.2.4. Water activity determination 
The aw of uncomplexed amorphous and crystalline α-CD powders, and of complex powders at 0.4-
1.6 MPa for 48-72 h at different MC, were measured by using an AquaLab 3 Water Activity Meter 
(Decagon Devices, Inc., Pullman, USA) at 25oC. The meter has a sensitivity of 0.001 and was 
calibrated using salt standards with aw in the range of the present study.  
 
6.2.5. Release properties of CO2 from complex powders 
The release properties of CO2 from complex powders prepared from amorphous and crystalline -
CD powders were investigated at 75% RH and 25
o
C to compare their stability. Experimental 
procedure was performed similar to that reported in Chapter 5 (Ho et al., 2015b). A CO2 probe 
system for measuring the gas concentration in the headspace (as described in chapter 4, Ho et al., 
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2016) was used for this study. The RH in the chamber was controlled using a saturated salt solution 
of NaCl prepared and equilibrated in the chamber for at least 24 h before the experiment was 
started. A temperature of 25
o
C was maintained. The release study was carried out using complex 
powders prepared from amorphous and crystalline α-CD powders at 13 and 15% MC (w.b.) and 
encapsulated at 0.4 and 1.6 MPa for 48 h. The complex powders (about 1-2 g) were weighed into a 
plastic cup (75 mL of volume), which was then placed into the chamber (16.45 L of volume). The 
amount of CO2 released into the chamber headspace was continuously recorded over time until it 
was almost unchanged. The release rate of CO2 was expressed as a release fraction (X) which was 
the ratio of the amount of CO2 released at a particular time, to the initial concentration. In order to 
measure the initial concentration of CO2 in the complex powders, distilled water was injected into 
the sample container and the magnetic stirring system was used to completely release the CO2 from 
the complex powders into the chamber headspace, which was then measure by CO2 probe. The 
measurement was performed until release fraction was more than 0.9 for all samples.   
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The release mechanism of CO2 from complex powders was also investigated using Avrami‟s 
equation (eq. 6.1) (Avrami, 1940) in which X (-) is the release fraction of CO2 at time t (h), k (h
-1
) is 
the release rate constant and n (-) is the release mechanism order. In this equation, n < 1 represents 
diffusive release kinetics, n  1 corresponds to first-order kinetics and n > 1 indicates a rapid release 
with an induction period (Soottitantawat et al., 2004; Yoshii et al., 2001). Moreover, a half-time 
(t1/2) value expressing the time required for 50% of the encapsulated component to be released (X  
0.5) was also determined using equation 6.2. 
 
6.2.6. The design of the experiment and statistical analysis 
The experiments were performed following a completely randomized design with at least two 
replications, and all measurements were made in three times. The data were subject to analysis of 
variance (ANOVA) at significance level p = 0.05 using the Minitab® Released 16 statistical 
programme (Minitab Co., USA). Tukey‟s multiple comparison test was employed to differentiate 
between mean values. 
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6.3. RESULTS AND DISCUSSION 
6.3.1. Effects of simultaneous water-induced crystallization of amorphous α-CD powder and 
pressure on CO2 encapsulation capacity  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: The CO2 encapsulation capacity of amorphous -CD powders at 13, 15 and 17% MC 
(w.b.) at various pressure levels (a, b and c corresponding to 0.4, 1.0 and 1.6 MPa) and  
original amorphous -CD powder (5.22% MC, w.b.) without water addition (d)  
reproduced from chapter 5 (Ho et al., 2015a). 
 
The results shown in Figure 6.2 indicate that the amount of water added into amorphous α-CD 
powders prior to encapsulation has a significant impact on CO2 encapsulation capacity (p < 0.05). 
MCs (w.b.) of 13, 15 and 17% are close to the critical MC of amorphous α-CD powder ( 14% MC, 
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w.b.), thus they are sufficient to initiate the amorphous-crystalline state transformation (Ho et al., 
2015b). The initiation of crystallization by adding water helped to crystallize the amorphous CO2-
-CD complex powder, which assisted in locking the CO2 in the cavity of α-CD during the 
encapsulation process. Therefore, for the same encapsulation conditions, amorphous α-CD powders 
at 13, 15 and 17% MC (w.b.) encapsulated much more CO2 gas than the original amorphous α-CD 
powder (5.22% MC, w.b.). This is similar to the crystallization of gas--CD complex in the liquid 
encapsulation method in which the crystal granules are collected from the -CD solution being 
pressurized or bubbled with gas (Ho et al., 2011a; Neoh et al., 2006). It is interesting to note that at 
all levels of pressure investigated in this study, it was impossible to obtain the 1 mol CO2/mol α-CD 
complex powders from the original amorphous α-CD powder (5.22% MC, w.b.) (Figure 6.2d), 
while complex powders containing more than 1 mol CO2/mol α-CD could be produced from 
amorphous α-CD powders at 13 and 15% MC encapsulated at 1.0-1.6 MPa for 8-12 h (Figure 6.2b 
& c). 
 
The results of X-ray analyses shown in Figure 6.3 suggests that the complex powders prepared from 
amorphous α-CD powders at 13, 15 and 17% MC (w.b.) are crystalline, while in a previous study 
(chapter 5), it was reported that the complex powders obtained from amorphous α-CD powder 
(5.22% MC, w.b.) remained in an amorphous form (Ho et al., 2015a). The amorphous products have 
a loosened structure which allows the weakly-held encapsulated gas in the cavity or pores to release 
almost immediately after depressurization, whereas the crystalline structure with a high ordered 
arrangement of molecules prevents encapsulated gas from releasing (Ho, 2013; Ho et al., 2015a). 
Upon adding water into amorphous α-CD powders, seed crystals can be formed. These crystals 
potentially act as growth centers for secondary nucleation throughout the bulk of the powder during 
the water mixing and encapsulation process (Price and Young, 2004). During crystallization, the 
crystals of gas--CD complex grow layer by layer to form a systematic structure which can act as a 
barrier for gas release (Neoh et al., 2006). Therefore, the time needed to reach a nearly equilibrium 
encapsulation capacity of amorphous α-CD powders at 13, 15 and 17% MC (w.b.) was more than 
24 h, which was much longer than that of original amorphous α-CD powder (5.22% MC, w.b.) 
which required only 8 h. 
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Figure 6.3: XRDs of uncomplexed amorphous and crystalline α-CD powders, and of CO2-α-CD 
complex powders (CP) prepared from amorphous α-CD powders at 13, 15 and 17% MC (w.b.) and 
encapsulated at 0.4-1.6 MPa for 4 h. 
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The differences in encapsulation capacity of amorphous α-CD powders at 13, 15 and 17% MC 
(w.b.) might be due to dissimilarities in the rate of crystallization. During mixing amorphous α-CD 
powder with water, the characteristics of the crystallization process (e.g. the formation of a highly 
viscous mixture, along with heat release) were only observed for amorphous α-CD powders at 15 
and 17% MC (w.b.), and a much higher intensity of reaction (observed by rapid formation of the 
granular structure) was found at 17% MC (w.b.). Due to the rapid crystallization, possibly part of 
the -CD becomes crystallized without first complexing with the CO2. Subsequently, the crystalline 
structure could act as a barrier for gas penetration within the time scales used in these trials. Thus, 
among the three levels of MC investigated, amorphous α-CD powder at 17% MC (w.b.) had the 
lowest encapsulation capacity for all encapsulation conditions. Another possible reason is that the 
addition of water to 17% MC (w.b.) led to moisture covering the surface of formed crystals which 
then became a mass transfer barrier for CO2. In contrast, crystallization of amorphous α-CD powder 
at 13% MC (w.b.) happened gradually, thus its encapsulation capacity increased steadily and was 
equal to that of 15% MC (w.b.) amorphous α-CD powder after 24 h of encapsulation. 
 
The results on encapsulation capacity of crystalline α-CD powders at different levels of MC shown 
in Figure 6.4 suggest that an increase of initial MC of crystalline α-CD powder led to a reduction of 
CO2 encapsulation capacity (p < 0.05). It is known that highly packed crystalline α-CD powder 
exists as a hexahydrate consisting of two H2O molecules occupying the cavity and four H2O 
molecules distributed around the exterior of the α-CD molecule (Sabadini et al., 2006). At moisture 
contents higher than this stoichiometry, crystalline α-CD powder molecules interact with water 
molecules primarily on their surface through hydrogen bonds (Wang and Langrish, 2007). It is 
assumed that this also applies to the CO2-α-CD complex crystalline structure. The accumulation of 
water molecules on the surface of crystalline powder particles inhibits the substitution of the high-
enthalpy water molecules in the α-CD cavity by hydrophobic CO2 molecules, which is known as the 
main driving force of complexation process (Astray et al., 2009). The findings of this study are  
comparable to those reported by Neoh et al. (2006) in which a reduction of the maximum inclusion 
ratio of crystalline α-CD powder in solid state from 1.25 to 0.92 mol CO2/mol α-CD was observed 
in response to an increase of initial MC from 10 to 30% (w.b.). 
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Figure 6.4: The CO2 encapsulation capacity of crystalline -CD powders at 13, 15 and 17% MC 
(w.b.) at various pressure levels (a, b and c corresponding to 0.4, 1.0 and 1.6 MPa) and original 
crystalline -CD powder (9.07% MC, w.b.) without water addition (d) reproduced from chapter 5 
Ho et al. (2015a). 
 
A comparison of the CO2 encapsulation capacity of amorphous and crystalline α-CD powders (with 
water addition) (Figure 6.3 vs. Figure 6.4) reveals that for all the encapsulation conditions, the time 
required to reach an equilibrium encapsulation capacity of crystalline α-CD powder was about 48 h, 
which is nearly double that of amorphous α-CD powder (approximately 24 h). Figure 6.5 compares 
the encapsulation capacity of the two structures. Except for 17% MC (w.b.) and 0.4 MPa in which 
the symbols were below a dotted line (Y  X), almost all the symbols for the remaining 
encapsulation conditions (13, 15 and 17% MC (w.b.), 1.0-1.6 MPa) were on and well above the 
dotted line. This shows a higher encapsulation capacity of the amorphous structure by simultaneous 
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complexation and crystallization facilitated by the addition of water. Along with the notes in Figure 
6.5, this suggests that at high pressure (1.0-1.6 MPa) and regardless of MC level, amorphous α-CD 
powder has a significantly higher encapsulation capacity than crystalline α-CD powder (p < 0.05).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.5: A comparison of the CO2 encapsulation capacity of amorphous (Y) and crystalline (X) 
α-CD powders at different levels of MC (13, 15 and 17%, w.b.) and pressure (0.4, 1.0 and 1.6 MPa). 
 
6.3.2. Water activities of uncomplex amorphous and crystalline α-CD powders, and those of 
CO2-α-CD complex powders at different MC 
The aw of uncomplex amorphous and crystalline α-CD powders, and of CO2-α-CD complex 
powders at different MC are shown in Figure 6.6. The aw of uncomplex crystalline α-CD powder 
was 0.608, and it increased to more than 0.988 in response to the addition of water to reach to 13, 
15 and 17% MC (w.b.), and was almost unchanged after moistened crystalline α-CD powder was 
complexed at 0.4 and 1.6 MPa for 48-72 h. At each level of MC, the encapsulation process did not 
significantly affect aw (p > 0.05). This could be because crystalline α-CD powder adsorbs water 
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only on its surface and in the interstices (Ho et al., 2015b; Wang & Langrish, 2007). During 
encapsulation, the replacement of high-enthalpy water molecules in the CD cavity by CO2 
molecules expels water molecules to the particle surface, leading to an increase of aw (Astray et al., 
2009). Consequently, the particle surface of crystalline α-CD powder may be nearly saturated with 
water, which delays the diffusion of CO2 molecules into the cavity of α-CD molecules. To some 
extent, this could explain why the encapsulation capacity of crystalline α-CD powder significantly 
decreased at higher levels of MC (Figure 6.4).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: The aw of uncomplexed amorphous and crystalline α-CD powders, and of CO2-α-CD 
complexed powers at different MC levels. 
 
When amorphous α-CD powder is mixed with water, two processes which occur simultaneously 
and affect aw can be observed. These processes are: (i) the adsorption of moisture to induce 
crystallization, resulting in a reduction of aw, and (ii) the exclusion of water due to crystallization, 
leading to an increase of aw (Yazdanpanah & Langrish, 2011). However, when mixed with water, 
the aw of amorphous α-CD powder increased from 0.220 to 0.623, 0.789 and 0.970, corresponding 
to 13, 15 and 17% MC (w.b.), respectively. During complexation, the replacement of water 
molecules in the α-CD cavity by CO2 molecules caused the aw of complex powders to further 
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increase (p < 0.05). The similarity in aw of amorphous α-CD powder at 17% MC (w.b.) measured 
before and after complexation confirmed that 17% MC (w.b.) is exceeded to induce phase 
transformation of amorphous α-CD powder.   
 
6.3.3. CO2 release properties of CO2-α-CD inclusion complexes 
The release of CO2 is defined as the release fraction (X) which is a ratio of the amount of CO2 
released at a particular time to the initial CO2 concentration in the complex powders (Table 6.1). 
The amount of CO2 released was continuously measured for 9 h. After this period, the release 
fraction for all the complex powders was more than 0.95.  
 
Table 6.1: Initial CO2 concentration in the complex powders used for the release experiment. 
Powder 
Moisture content 
(%) 
Encapsulation pressure 
(MPa) for 48 h 
CO2 concentration  
(mol CO2/mol -CD) 
Amorphous -CD 
13 
0.4  0.82 ± 0.01 
1.6  1.13 ± 0.01  
15 
0.4  0.73 ± 0.06 
1.6  1.11 ± 0.04 
Crystalline -CD 
13 
0.4  0.86 ± 0.02 
1.6  1.12 ± 0.01 
15 
0.4  0.82 ± 0.08 
1.6  1.13 ± 0.02 
 
The release time-courses of CO2 from complex powders produced from amorphous and crystalline 
α-CD powders at different initial MC (13 and 15%) and pressure levels (0.4 and 1.6 MPa) are 
shown in Figure 6.7. It was interesting to note that the CO2 release profiles of complex powders 
prepared from crystalline α-CD powders were almost identical, regardless of initial CO2 
concentration and complexed pressure (Table 6.2). These results were similar to those reported by 
Neoh et al. (2006) in which the release rate at 75% RH (25
o
C) of CO2 from complex powders 
prepared from crystalline α-CD powders at 2-30% MC (w.b.) was similar. On the contrary, the 
release profiles of complex powders prepared from amorphous α-CD powders were markedly 
affected by initial MC and encapsulated pressure levels. It seems that complex powders prepared at 
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a low pressure (0.4 MPa) and low initial MC (13% MC, w.b.) were more stable than those prepared 
at a higher pressure (1.6 MPa) and higher MC (15% MC, w.b.). This might be due to the differences 
in initial CO2 concentration and crystallization properties of the amorphous CO2-α-CD complex 
powder during encapsulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: Release time-course at 75% RH and 25
o
C of CO2 from CO2-α-CD inclusion complexes 
prepared from crystalline and amorphous -CD powders at different initial MC (13 and 15%, w.b.) 
and pressure (0.4 and 1.6 MPa). In this figure, the points represent the experimental data while the 
lines express the predicted values based on Avrami‟s equation. 
 
For release kinetics, the data on CO2 release from all inclusion complexes were well fitted with 
Avrami‟s equation, as shown in Figure 6.7, with very high R2 and low % MSE values (Table 6.2). 
Based on the release mechanism (n values) in Table 6.2, which are nearly equal to 1, this suggests 
that the release of CO2 from all the complex powders could be approximated to first-order kinetic or 
a rapid release with an induction period.  The immediate release of encapsulated components from 
complex powders at high RH have also reported for other products, such as ethylene gas from 
ethylene--CD powder (Ho, 2013; Ho et al., 2011b), flavor (ethyl butyrate) from spray-dried 
maltodextrin/gum arabic or soy matrices (Yoshii et al., 2001), or d-limonene from gum arabic/β-CD 
or maltodextrin matrices (Shiga et al., 2001). 
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Table 6.2: Release rate constant (k), release parameter (n), half-life (t1/2), R
2
 and % MSE values of 
CO2 from complex powders prepared from amorphous and crystalline -CD powders based on 
Avrami‟s equation at 75% RH, 25oC. 
Powder 
Moisture 
content (%) 
Encapsulation pressure 
(MPa) for 48 h 
Constant 
R
2
 % MSE 
n (-) k (h
-1
) t1/2 (h) 
Amorphous 
-CD 
13 
0.4  1.071 1.389 0.52 0.9968 0.0410 
1.6  1.309 3.267 0.31 0.9986 0.0167 
15 
0.4  1.084 2.352 0.32 0.9982 0.0207 
1.6  1.187 3.804 0.24 0.9988 0.0128 
Crystalline 
-CD 
13 
0.4  0.925 5.465 0.11 0.9822 0.1001 
1.6  0.962 5.937 0.11 0.9880 0.0690 
15 
0.4  0.935 5.585 0.11 0.9871 0.0739 
1.6  1.103 7.648 0.11 0.9931 0.0436 
 
A comparison of the release properties of complex powders produced from amorphous and 
crystalline α-CD powders under the same conditions (Figure 6.7) discloses that complex powders 
prepared from amorphous α-CD powder were 2-5 times more stable than those produced from 
crystalline powders. Clear evidence for this difference was expressed through the half-time (t1/2) 
values (Table 6.2), which is the time required for 50% of encapsulated CO2 to release. Considering 
only the complex powders prepared from amorphous α-CD powders and regardless of 
encapsulation pressure, the complex powder prepared from amorphous α-CD powder at 13% MC 
(w.b.) was the most stable. The stability of complex powders prepared from amorphous α-CD 
powders can be explained by the crystallization of amorphous CO2-α-CD complex powders during 
encapsulation, which is illustrated in Figure 6.2. This leads to a reduction of the release rate of 
encapsulated CO2. After encapsulation, a large amount of water accumulated on the surface of 
complex powder particles, which was confirmed by their aw values (aw > 0.998) in Figure 6.6. Due 
to the hydrophilic exterior of the CO2-α-CD complex powder, the weak interactions between CO2 
and α-CD molecule are easily broken down when complex powders are kept under high humidity 
conditions (75% RH), resulting in the burst release of CO2. This was similar to a result reported by 
Trinh and Gardlik (1996) in which the active components (e.g. perfumes, flavors and 
pharmaceutical materials) in CD complexes were released rapidly as the complexes were wetted or 
  
143 
 
Chapter 6: Encapsulation of CO2 into amorphous -CD at different MC – Capacity and stability 
moisture contents 
even when stored in an environment in which the amount of available water is limited to dissolve 
the complexes (such as saliva, sweat or gastric juices).  
 
The initial MC of amorphous and crystalline α-CD powders were about 5.22 and 9.07% (w.b.) 
respectively. The addition of water to increase the initial MC up to 13-15% (w.b) prior to 
encapsulation markedly improved the stability of inclusion complexes prepared from amorphous 
powders, but significantly reduced the stability of those produced from crystalline powders. In 
chapter 5 (Ho et al., 2015a), it was reported that half-time values of complex powders prepared 
from amorphous and crystalline α-CD powders without the addition of water were estimated to be 
about 0.16-0.21 and 3.24-4.95 h, respectively, depending on complex pressure levels. However, 
these values decreased to 0.11 h for those produced from crystalline α-CD powders mixed with 
water (Table 6.2). This can be explained by an increase in water accumulation on the particle 
surface of crystalline α-CD powders at high MC. This resulted in the formation of a barrier to CO2 
diffusion into the α-CD cavity, and the CO2 molecules are likely to be adsorbed onto the surface of 
crystalline particles. Thus, the CO2 molecules easily escaped after depressization. However, the 
crystallization of amorphous α-CD powders at high MC during the complexation process helped to 
hold the encapsulated CO2 molecules in the cavity, and thus the stability of complex powders 
produced from amorphous α-CD powders to which water was added, noticeably increased. The 
differences in the stability of complex powders prepared from amorphous and crystalline α-CD with 
and without the addition of water could be due to dissimilarities in their aw values. Without the 
addition of water, the aw of complex powders were similar to that of uncomplex powders, being of 
about 0.203 for complex powders prepared from amorphous α-CD and 0.549 for those produced 
from crystalline forms. However, the aw of all complex powders prepared with the addition of water 
was higher than 0.950. A high level of water on the surface has a large effect on the stability of 
complex powders. The reduction of complex powder aw is a subject which warrants further study. 
 
6.4. CONCLUSION  
This study demonstrated that water-induced crystallization of amorphous CO2-α-CD complex 
powder during complexation significantly improved the encapsulation capacity and the stability of 
complex powders. Among the complex powders produced from amorphous α-CD powders, the 
highest encapsulation capacity (1.1-1.2 mol CO2/mol α-CD) was found for those prepared at 13 and 
15% MC (1.0-1.6 MPa, t > 48 h). This encapsulation capacity of amorphous α-CD was significantly 
higher than that of crystalline α-CD powder under the same conditions. The crystallization of 
complex powders produced from amorphous α-CD powders due to the addition of water was 
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confirmed by the results of X-ray. A study of the release properties suggested that complex powders 
prepared from amorphous α-CD powders were considerably more stable than those produced from 
crystalline α-CD powders under the same conditions. However, these crystallized complex powders 
had a very high aw (> 0.998) which can affect their stability in terms of release properties and 
microbial deterioration during storage. Therefore, further work is underway to examine the effects 
of aw reduction of complex powders without affecting the gas encapsulation efficiency. 
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Chapter 7  
 
Encapsulation of CO2 into Amorphous Alpha-Cyclodextrin Powder at  
Different Moisture Contents - Part 2: Characterization of Complex 
Powders and Determination of Crystalline Structure 
(*)
 
 
 
ABSTRACT  
This study aims to characterize CO2--cyclodextrin (-CD) inclusion complexes produced from 
amorphous -CD powders at moisture contents (MC) close to, or higher than, the critical level of 
crystallization (e.g. 13, 15 and 17% MC on a wet basis, w.b.) at 0.4 and 1.6 MPa pressure for 72 h. 
The results of 
13
C NMR, SEM, DSC and X-ray analyses showed that these MC levels were high 
enough to induce crystallization of CO2--CD complex powders during encapsulation, by which the 
amount of CO2 encapsulated by amorphous -CD powder was significantly increased. The 
formation of inclusion complexes was well confirmed by the results of FTIR and 
13
C NMR analyses 
through the appearance of a peak associated with CO2 on the FTIR (2334 cm
-1
) and NMR (125.3 
ppm) spectra. The determination of crystal packing patterns of CO2--CD complex powders 
showed that during crystallization, -CD molecules were arranged in a cage-type structure in which 
CO2 molecules were entrapped in isolated cavities. 
 
Keywords: Carbon dioxide, crystal packing, complex powder, amorphous α-cyclodextrin, solid 
encapsulation. 
                                                 
(*)
 This chapter has been published as a research paper in the Food Chemistry (Impact Factor = 4.529): HO, T. M., 
HOWES, T., JACK, K.S. & BHANDARI, B. R. 2016. Encapsulation of CO2 into amorphous alpha-cyclodextrin 
powder at different moisture contents - Part 2: Characterization of complex powders and determination of crystalline 
structure. Food Chemistry, 206, 92-101. The manuscript was modified to keep the format consistent throughout the 
thesis. 
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7.1. INTRODUCTION 
Carbon dioxide (CO2) has been widely used in food industries to carbonate drinks, to extend the 
shelf-life of food products, to control the rate of respiration of fruits and vegetables, to extract 
various organic and inorganic molecules, to control insects in stored grains, and to refrigerate (even 
quickly freeze) many types of food products, depending on the state of CO2 (Kaliyan et al., 2007). 
For the safe use of CO2, there is a need to be aware of its properties and associated hazards. CO2 
exists in liquid form only at a very high pressure and/or at very low temperature, and liquid CO2 is 
normally kept in high pressure systems. Similarly, CO2 gas is commercially stored in highly-
pressurized cylinders. Therefore, the use of CO2 in liquid and gas states requires special care in 
relation to potential explosion hazards and human health concerns associated with the leakage of 
CO2. Regarding a solid form of CO2 (dry ice), contact with dry ice without insulated gloves or other 
appropriate tools will cause frostbite because of its very low temperature of about -78.6
o
C. Under 
normal conditions, dry ice transforms quickly to the gas phase without undergoing a liquid phase. 
Dry ice must therefore be stored in special freezers in which the temperature is lower than the 
temperature of dry ice. The accidental leakage of CO2 from high pressurized cylinders and an 
unknown rate of dry ice sublimation can result in an increase in the level of CO2 in the air. When 
the CO2 concentration in the air is higher than 1.0% (v/v), it acts as an asphyxiant and has 
toxicological effects (Energy Institute, 2010). Therefore, an innovative idea to produce CO2 
containing powder by encapsulation of CO2 gas into solid matrices can offer a safe and convenient 
way of using CO2.  
 
The encapsulation of gas has been known for some time and there have been a few reports of 
relevant and important research. However, it is still in its very early of development in terms of its 
application.  Gas complexes in an edible and biocompatible form would be an attraction in the food 
and agricultural industries (Ho et al., 2014). In this regard, -CD is the most suitable solid matrix 
due to the size compatibility between gas molecules and the -CD cavity, and non-toxic, 
biocompatible and biodegradable properties of -CD powder (Hedges et al., 1995). As a result, 
many studies on gas encapsulation using α-CD powder have been reported (Bhandari and Ho, 2014; 
Ho, 2013; Ho et al., 2015b; Neoh et al., 2006; Pereva et al., 2015; Zeller and Kim, 2013). There are 
two reported methods for the encapsulation of gas molecules, these being known as liquid and solid 
encapsulation. In the liquid method, gas encapsulation is done by compressing gas into a α-CD 
solution, followed by crystallization, precipitation, filtration and dehydration of complex powders. 
The shortcomings of this process are that it is time-consuming (the process takes several days) and 
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is low yielding (< 50%, w/w) (Ho, 2013; Neoh et al., 2006). However, the inclusion complexes 
remain stable for months under normal conditions. The solid method is performed by direct 
exposure of powder to the gas at high pressure. It gives a very high yield of inclusion complexes 
(100%, w/w) and requires a short time and low pressure to form gas inclusion complexes (Ho et al., 
2015b). However, the inclusion complexes obtained by solid encapsulation are not stable and the 
encapsulated gases are quickly lost during depressurization, especially those produced from 
amorphous α-CD powder. These disadvantages of both encapsulation methods have prevented them 
from having a commercial application.  
 
An innovative idea to combine the advantages of both gas encapsulation methods is by the 
crystallization of amorphous complex powders during the encapsulation process through the 
addition of water into the amorphous α-CD powder prior to encapsulation, in order to increase its 
initial MC to a level close to or higher than the critical level of crystallization. In chapter 6 (Ho et 
al., 2016) in which encapsulation of CO2 into amorphous α-CD powder at different moisture 
contents (MC) was investigated, it was reported that water-induced crystallization of amorphous 
CO2-α-CD complex powder during the complexation process significantly improved the 
encapsulation capacity and the stability of complex powders. The highest encapsulation capacity 
(1.1-1.2 mol CO2/mol α-CD) was found for those products prepared from amorphous α-CD 
powders at 13 and 15% MC on wet basis (w.b.) (1.0-1.6 MPa, t > 48 h). This encapsulation capacity 
was significantly higher than that of crystalline α-CD powders under the same conditions, and of 
amorphous α-CD powder without water addition (5.22% MC, w.b.). However, the characterization 
of CO2-α-CD complex powders produced by this innovative method has yet to be investigated.  
 
It has been known that during crystallization, followed by complexation, α-CD inclusion complexes 
crystallize into two basically different patterns, the cage and channel (tunnel) types, depending on 
the size and nature of the guest (gas) molecules. The cage type results from α-CD molecules being 
packed crosswise or side-by-side, as a result of which the internal cavity of an α-CD is locked on 
both sides by neighbouring α-CD molecules. On the other hand, the channel type is formed with the 
α-CD molecules being arranged like coins in a roll, with the internal cavity of α-CD molecules 
being lined up in a head-to-head (tail-to-tail) or head-to-tail mode to produce a long channel 
(Saenger, 1985). The type of the stacking of complex powder molecules during crystallization 
might significantly influence the encapsulation capacity of α-CD, because it determines the number 
of CO2 molecules trapped inside the cavity. The entrapment by a single molecule of α-CD will be 
different to the entrapment by the dimers of α-CD, as dimers will contain the minimum of double 
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the volume of the cavity with an increase in total encapsulation capacity, while some CO2 
molecules can be jointly interacted with both α-CD molecules. Therefore, the determination of the 
type of crystal arrangement of α-CD inclusion complexes could help in providing an understanding 
of the mechanism of inclusion complexes formation, and this information could be a basis for 
further studies to improve gas encapsulation capacity of α-CD powder. Unfortunately, as yet there 
no reports on such information for gas--CD complexes.   
 
This study aimed to characterize the CO2-α-CD complex powders produced from amorphous -CD 
powder followed by simultaneous crystallization at different moisture contents (13, 15 and 17% 
MC, w.b.), and to investigate the type of molecular packing in crystalline complex powders. 
 
7.2. MATERIALS AND METHODS 
7.2.1. Materials 
Crystalline α-CD powder (99% purity) was obtained from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany), and amorphous α-CD powder was prepared by spray drying as 
described in chapter 3 (Ho et al., 2015a). All the powders were stored in a dry, airtight container 
until they were used for experiments. All other chemicals used in this study were of analytical 
reagent grade. 
 
7.2.2. Preparation of complex powders by solid encapsulation 
The complex powders were prepared by following the method reported in chapter 6 (Ho et al., 
2016). The pre-determined amount of distilled water was mixed with 15-20 g of amorphous α-CD 
powder (5.22% MC, w.b.) in an aluminium bag in order to increase its initial MC up to 13, 15 and 
17% MC (w.b.). The moistened α-CD powder was immediately placed into a pressure vessel 
chamber developed by The University of Queensland, Australia. The vessel chamber containing the 
samples was flushed with CO2 gas at least three times to eliminate any residual air before setting to 
the desired pressure level (0.4 and 1.6 MPa). The vessel pressure was regularly checked and re-
supplied with CO2 gas to maintain the required pressure. After 72 h of encapsulation when CO2 
encapsulation capacity of amorphous α-CD powder at all conditions was nearly at equilibrium 
(investigated results from chapter 6, Ho et al., 2016), the complex powder was removed from the 
chamber for characterization. 
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7.2.3. Characterization of complex powders 
7.2.3.1. Scanning electron microscopy (SEM) 
The SEM analysis of α-CD and complex powders was performed using a JEOL JMS 6460LA 
Scanning Electron Microscope (Jeol Ltd., Tokyo, Japan). After being fixed on a double-sided 
carbon tape the samples were kept in a desiccator with silica gel for at least 24 h before being 
coated with iridium. The coating was done three times in argon gas at 15 mA for 100 s by using a 
MED 020 Suptter Coater (BalTec Maschinenbau AG, UK). Under SEM, images were taken at a 
working distance of 10 mm and an accelerating voltage of 15 kV. 
 
7.2.1.2. Polarized light microscope  
Images of α-CD and complex powders under polarized light were acquired using a prism and 
optical microscope (Scientific Instruments & Optical Sales, Australia) with polarizer filters and 
which was fitted with a 5.0 MP camera system using TSView7 software (Fuzhou Tucsen Image 
Technology Co., Ltd., China) connected to the video entry port of a computer. Isopropanol was 
used to disperse the powder particles on the slides. Images were taken with a 10-X objective. 
 
7.2.3.3. Fourier transform infrared spectroscopy (FTIR) 
Infrared absorbance spectra of α-CD and complex powders were recorded using a FTIR 
Spectrometer Attenuated Total Reflectance (ATR) Spectrum 100 (PerkinElmer Ltd, Beaconsfield, 
UK). The scanning conditions included: (1) a frequency range from 4000 to 650 cm-1; (2) spectra 
resolution of 4 cm-1; and (3) 16 scans per sample.  
 
7.2.3.4. Differential scanning calorimetry (DSC) 
Thermal properties of α-CD and complex powders were characterized by using differential scanning 
calorimetry (DSC, Mettler Toledo, Switzerland). About 5 mg of each sample was sealed in an 
aluminum pan by a pin-hole lid. The range of thermal scanning was 25-250oC with a heating rate of 
10oC min-1, with nitrogen being used as the purge gas. The thermal analyzer was calibrated with 
indium before performing the sample analyses. 
 
7.2.3.5. X-ray diffraction analysis 
X-ray diffraction (XRD) patterns of α-CD and complex powders were obtained by using a Bruker 
Advance MK III X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) equipped with Cu 
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radiation and a linear array detector at 25oC with 1oC min-1. The measurement was carried out with 
a voltage and current of 40 kV, 30 mA, respectively, and an angular range of 2θ = 3-30o. The step 
size and time constant were 0.02o and 1 s, respectively. The degree of crystallinity (%) of complex 
powders and the peak position of XRD patterns were determined using TOPAS software (Version 4, 
DIFFRACplus TOPAS, Bruker AXS GmbH).  
 
7.2.3.6. 13C solid-state nuclear magnetic resonance spectrometry (13C ss-NMR) 
13C ss-NMR spectra of α-CD and complex powders were recorded by using a Bruker Advance III 
NMR (Bruker AXS GmbH, Karlsruhe, Germany) at 300 MHz under cross-polarization and magic-
angle spinning (CP-MAS) and high-power 1H dipolar decoupling. During measurement, Zirconia 
rotors were employed to spin the samples at a speed of 5 kHz. Topspin NMR software was used to 
express the NMR spectra.  
 
7.2.4. Determination of crystal arrangement of CO2-α-CD inclusion complexes 
The determination of how the molecules in the crystals of CO2-α-CD complex powders were 
arranged was undertaken by following a method reported by Caira (2001). This method is based on 
matching the experimental powder X-ray diffraction (PXRD hereinafter) of unknown CD 
complexes (e.g. CO2-α-CD complex powders in this study) with the reference PXRDs of CD 
complexes with other guest molecules in which the crystal arrangement (cage or channel type) is 
known. These reference PXRDs were constructed and reported by Caira (2001) through extracting 
the full single crystal PXRD data files from the Cambridge Structural Database and then using other 
software (e.g. Lazy Pulverix) to compute the data files of the respective PXRD patterns.  
 
A crystal is constructed by unit cells repeating in three dimensions. Each unit cell is defined by 
three unit vectors which express the side lengths of a unit cell (a, b and c) and three angles between 
three pairs of unit vectors (, β and γ) (Chung, 2006). An illustration of a unit cell in a crystal is 
showed in Figure 7.1. It has been known that a crystalline substance has a distinct crystalline phase 
with its own “fingerprint” and that two crystals are considered to be “isostructural” if their unit cell 
dimensions and molecular arrangement are similar to each other. In order to investigate the structure 
of a crystal (e.g. unit cell dimensions, bond lengths, bond angles or details of site-ordering), single 
crystal X-ray diffraction would be the most powerful technique (Harris et al., 2001). However, due 
to the difficulties in obtaining a high quality single crystal of CO2-α-CD complex powders, in which 
the crystal lattice is continuous and unbroken on the entire sample and size of the single crystal 
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should be small (0.1-0.2 mm) (Font Bardia and Alcobé i Ollé, 2012), an alternative method is 
required to determine the structure of CO2-α-CD complex powders. In this regard, Caira (2001) 
suggested a method to determine the structure of CD inclusion complexes by matching the PXRD 
patterns of unknown-structure CD complexes with those of known-structure CD complexes to 
identify the isostructurality of the two crystalline phases. The closer the matching of these PXRD 
patterns in terms of their peak angular position and relative intensity, the greater the degree of 
isostructurality. However, for matching of the PXRD patterns of two different crystalline complexes 
by visual inspection, attention is only paid to peak angular positions, not to peak intensities which 
can be significantly different because of dissimilarities in the nature of guest molecules and the 
water content of the complexes being compared (Caira, 2001). 
 
 
 
 
 
Figure 7.1: Three-dimensional unit cell (a) and the resulting regular three dimensional lattice (b). 
 
Considering only α-CD, eleven reference PXRD patterns representing eleven isostructural series, of 
which three were parent uncomplexed α-CDs (hydrated crystals in form I, II and III), two were 
methylated α-CD derivatives, while the remainders were α-CD complexes with various guests, were 
reported by Caira (2001). In this study, the matching of PXRD patterns of CO2-α-CD complex 
powders with each of the eleven reference PXRD patterns was undertaken to identify the type of 
crystal arrangement of α-CD inclusion complexes. Moreover, TOPAS (Version 4, DIFFRACplus 
TOPAS, Bruker AXS GmbH) software was used to estimate the unit cell dimensions of CO2-α-CD 
complex powder crystals from their PXRD patterns following Le Bail refinement approach.  
 
7.2.5. The design of the experiment and statistical analysis 
The experiments were performed following a completely randomized design and repeated at least 
two times. For the characterization of inclusion complexes, each criterion was done at least in 
duplicate.   
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7.3. RESULTS AND DISCUSSION 
7.3.1. Characterization of CO2-α-CD inclusion complexes  
7.3.1.1. SEM analyses  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2: SEM images of uncomplexed crystalline and spray-dried amorphous α-CD powders, 
and of CO2-α-CD complex powders (CP) prepared from amorphous α-CD powders at different MC 
and encapsulated at 0.4 and 1.6 MPa for 72 h. 
 
The SEM images of uncomplexed crystalline and amorphous α-CD powders, and of CO2-α-CD 
complex powders prepared at 0.4 and 1.6 MPa for 72 h from amorphous α-CD powders at 13, 15 
and 17% MC (w.b.) are shown in Figure 7.2. The uncomplexed amorphous α-CD powder had 
spherical shaped particles, while particles of uncomplexed crystalline α-CD powder showed various 
shapes (e.g. cubic, tetragonal or triclinic) of different sizes (Ho et al., 2015a). When water was 
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added into amorphous α-CD powder close to or above the critical level, the powder particles were 
found to aggregate due to water adsorption. The state transformation during water mixing and the 
encapsulation process resulted in changes in the particle morphology towards that of the crystals. A 
similar phenomenon was also reported for uncomplexed amorphous α-CD and skimmed milk 
powders kept at above the critical relative humidity (RH) values (Ho et al., 2015a; Lai and Schmidt, 
1990). 
  
Regardless of pressure, at all levels of MC, crystals were formed and presented in an irregular 
structure. Unlike the crystals observed for uncomplexed crystalline α-CD powder which were well 
separated and had high diversity in size and shape, the formed crystals of CO2-α-CD complex 
powders were smaller in size and agglomerated to produce larger particles. This might contribute to 
a reduction in the loss rate of CO2 in the complex powders during depressurization. In comparison 
to pressure, the amount of water added into amorphous α-CD powder played a predominant role in 
the formation of crystal morphology. It was previously found that the morphology of amorphous α-
CD powder at 5.22% MC (w.b.) was unchanged when it was complexed with CO2 at pressure 0.4-
1.6 MPa in solid state (Ho et al., 2015b). As can be seen from Figure 7.2, there was almost no 
difference in the morphology of crystals produced from amorphous α-CD powders at 13 and 15% 
MC (w.b.), while the surface of crystals formed from amorphous α-CD powder at 17% MC (w.b.) 
was smoother. It was likely that at 17% MC (w.b.), some water molecules accumulated on the 
surface of the formed crystals which caused the crystal surface to dissolve slightly, creating a 
smooth non-crystalline surface coverage. This assumption was confirmed by a very high aw value of 
amorphous α-CD powder at 17% MC (w.b.) (aw > 0.970 ± 0.010) measured before and after 
encapsulation, and the powder exhibited a slight stickiness behavior. 
 
7.3.1.2. Polarized light microscope 
The polarized light microscopic images of uncomplexed crystalline and amorphous α-CD powders, 
and of CO2-α-CD complex powders prepared at 0.4 and 1.6 MPa for 72 h from amorphous α-CD 
powders at 13, 15 and 17% MC (w.b.), are shown Figure 7.3. Under polarized light, crystalline 
materials with anisotropic properties resulting in birefringent phenomenon, appear coloured and/or 
bright, with regions with different contrasts depending on their orientation, while amorphous 
powders with isotropic properties show a similar colour to the background (normally a dark colour) 
(Taylor, 2015). A clear difference was observed in the polarized light images of uncomplexed 
amorphous and crystalline -CD powders. An uncomplexed amorphous -CD powder had a 
homogenously dark background and no shape of crystal granules, whereas crystalline powders 
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showed coloured bright crystal granules with different shapes. Coloured crystal granules with slight 
differences in shape compared to those of uncomplexed crystalline -CD were also observed on the 
polarized light microscopic images of complex powders prepared from amorphous -CD at 13, 15 
and 17% MC (w.b.). Moreover, a dark colour, representing the amorphous proportion, was clearly 
seen on the surface of crystals of complex powders prepared from amorphous -CD at 17% MC 
(w.b.). This result was quite comparable to that of SEM (Figure 7.2) in which the surface of the 
crystals produced from amorphous at 17% MC (w.b.) was covered by amorphous parts.  
 
  
 
 
 
 
 
 
 
 
 
 
Figure 7.3: Polarized light microscopic images of uncomplexed crystalline and spray-dried 
amorphous α-CD powders, and of CO2-α-CD complex powders (CP) prepared from amorphous α-
CD powders at different MC and encapsulated at 0.4 and 1.6 MPa for 72 h. 
 
7.3.1.3. Differential scanning calorimetry (DSC)  
Figure 7.4 illustrates DSC scans of uncomplexed crystalline and amorphous α-CD powders, and of 
complex powders prepared at 0.4 and 1.6 MPa for 72 h from amorphous α-CD powders at 13, 15 
and 17% MC (w.b.). The results show that the addition of water to amorphous α-CD powder prior 
to performing encapsulation greatly affected the thermal properties of complex powders. Unlike the 
DSC curve of uncomplexed amorphous α-CD powder, which consisted of only a big hump 
indicating water evaporation and/or enthalpy relaxation (Ho et al., 2015a; Kaminski et al., 2012), 
the DSC scans of complex powders prepared from amorphous α-CD powders at 13, 15 and 17% 
MC (w.b.) were quite similar to the DSC scan of uncomplexed crystalline α-CD powder in which 
many endothermic peaks were found. These peaks can be designated for water evaporation and CO2 
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release. This was confirmed by the DSC curves of complex powders in the second scan in which 
there were  no such peaks identified (data not shown).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4: DSC thermograms of uncomplexed crystalline and spray-dried amorphous α-CD 
powders, and of CO2-α-CD complex powders (CP) prepared from amorphous α-CD powders at 
different MC and encapsulated at 0.4 and 1.6 MPa for 72 h. 
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In chapter 5 (Ho et al., 2015b), it was reported that DSC thermograms of CO2-α-CD complex 
powders prepared from amorphous α-CD powder (5.22% MC, w.b.) by solid encapsulation at a 
pressure range of 0.4-1.6 MPa were identical to DSC scans of uncomplexed amorphous α-CD 
powder. This is because these complex powders have an amorphous structure which allows CO2 gas 
and water molecules to escape from the cavity easily. Therefore, the appearance of endothermic 
peaks on the DSC scans of CO2-α-CD complex powders was mainly because of the crystallization 
of amorphous α-CD powders happening during the water mixing and encapsulation process. During 
crystallization, the arrangement of molecules into an ordered structure resulted in an alteration of 
CO2 release and water evaporation behavior during heating. The crystalline structure of complex 
powders prepared from amorphous α-CD powders at 13, 15 and 17% MC (w.b.) was also confirmed 
by the X-ray analytical results shown in Figure 7.8. Considering only the DSC scans of complex 
powders, the dissimilarity of the appearance of endothermic peaks might be due to differences in 
the amount of complexed CO2, initial MC and compaction degree affected by MC (Nokhodchi, 
2005). 
 
7.3.1.4. FTIR analyses 
The FTIR spectra of uncomplexed crystalline and amorphous α-CD powders, and of CO2-α-CD 
complex powders prepared at 0.4 and 1.6 MPa for 72 h from amorphous α-CD powders at 13, 15 
and 17% MC (w.b.), are shown in Figure 7.5. The obvious difference in the FTIR spectra between 
the complex and uncomplexed powders was a peak at 2334 cm
-1
 which was only observed on the 
FTIR spectra of the complex powders. It was reported that CO2 with a linear molecule has four 
vibrations under infrared radiation. These vibrations include an antisymmetric stretch (2350 cm
-1
), a 
symmetric stretch (1390 cm
-1
) and two modes of degenerate bend (667 cm
-1
). However, because the 
symmetric stretch is not infrared active and two degenerate bends occur with the same harmonic 
vibrational frequency, only two primary peaks (2350 and 667 cm
-1
) will be observed on the infrared 
spectrum of CO2 gas (Kuhn et al., 2009). Moreover, a shifting of a band at 2350 cm
-1
 in a range of 
11-15 cm
-1
 and a decrease of the peak intensity at 667 cm
-1
 on the infrared spectrum have been 
observed  for complexes of CO2 with various solid matrices such as KBr pellets (Keresztury et al., 
1980), p-t-butylcalix[4]arene (Graham et al., 2002), or α-CD powder (Ho et al., 2015b; Neoh et al., 
2006). Therefore, it could be concluded that a peak at 2334 cm
-1
 on the FTIR spectra was associated 
with encapsulated CO2 molecules.  
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Figure 7.5: FTIR spectra of uncomplexed crystalline and spray-dried amorphous α-CD powders, 
and of CO2-α-CD complex powders (CP) prepared from amorphous α-CD powders at different MC 
and encapsulated at 0.4 and 1.6 MPa for 72 h. 
 
Another difference observed on the FTIR spectra between the CO2-α-CD complex and 
uncomplexed powders was a broad peak at a wavenumber range of 4000-3000 cm
-1
 associated with 
asymmetric and symmetric stretching of hydroxyl groups (O-H) (Coates, 2000). The addition of 
water into the amorphous α-CD powders was responsible for an increase in the intensity of this 
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peak. In addition, a peak at a wavenumber of about 1000 cm
-1
 (arising from stretching of C-O and 
C-C bonds) on the FTIR spectra (indicated by 
(*)
 symbol) of uncomplex powders was higher in 
intensity than that of complex powders. The changes of this peak could be due to the crystallization 
of amorphous α-CD powders at high levels of MC. This finding is consistent with the result 
reported in chapter 3 (Ho et al., 2015a) in which the FTIR spectra of amorphous α-CD powders kept 
at different levels of RH were investigated. It was reported that a peak at about 1000 cm
-1
 could not 
be seen on the FTIR spectra of amorphous α-CD powders stored at higher 65% RH due to their 
crystallization. 
 
Moreover, the FTIR spectra of complex powders did not show any signs of a reaction between CO2 
and the hydroxyl groups (-OH) of water in α-CD powder and of α-CD molecules, to form a weak 
carbonic acid (H2CO3). No peak in the 1770-1750 cm
-1
 region which is associated with carbonyl 
groups (CO) in organic compounds (aldehydes, ketones, esters, or carboxylic acids) was observed 
on the FTIR spectra of CO2-α-CD complex powders (Coates, 2000). Considering only complex 
powders, their FTIR spectra were similar to each other regardless of the amount of water added and 
the encapsulation pressure.  
 
7.3.1.5. 
13
C NMR analyses 
The 
13C NMR spectra of uncomplexed crystalline and amorphous α-CD powders, and of CO2-α-CD 
complex powders prepared from amorphous α-CD powders at different MC (13, 15 and 17% MC, 
w.b.) and encapsulated at 0.4-1.6 MPa for 72 h, are shown in Figure 7.6. The obvious difference in 
the 
13
C NMR spectra of complexed and uncomplexed powders was a peak at 125.3 ppm, which was 
only observed on the 
13
C NMR spectra of complex powders. In a previous study (chapter 5), it was 
demonstrated that this peak (125.3 ppm) was associated with CO2 molecules encapsulated into the 
α-CD cavity (Ho et al., 2015b). 
 
The differences in the structure of uncomplexed amorphous and crystalline α-CD powders were 
clearly illustrated by their 
13C NMR spectra. For each type of carbon atom in the uncomplexed α-
CD molecule, a broad peak was observed on the 
13C NMR spectrum of amorphous α-CD powder, 
whereas several sharp peaks were detected on that of the crystalline one. These differences were 
due to dissimilarities about conformational symmetry, orientation of molecules, and/or 
intramolecular bonds between amorphous and crystalline α-CD powders (Schneider et al., 1998). 
Figure 7.6 shows that the 
13
C NMR spectra of all complex powders were almost identical and 
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consisted of many peaks for each type of carbon atoms, suggesting that all complex powders exist 
in the crystalline structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.6:
 13
C NMR spectra of uncomplexed crystalline and spray-dried amorphous α-CD 
powders, and of CO2-α-CD complex powders (CP) prepared from amorphous α-CD powders at 
different MC and encapsulated at 0.4-1.6 MPa for 72 h. 
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Figure 7.7: 
13
C NMR spectra of uncomplexed crystalline and spray-dried amorphous α-CD 
powders at different MC levels. 
However, the peak splitting of carbon atoms C1, C4, C2-3-5 and C6 on the 
13
C NMR spectra of all 
complex powders was markedly different to that of uncomplexed crystalline α-CD powder (Figure 
7.6). During complexation of amorphous α-CD powders at 13, 15 and 17% MC (w.b.), two possible 
processes affecting the peak splitting are: (1) the crystallization of amorphous α-CD, and (2) the 
encapsulation under CO2 pressure. In order to investigate which process (e.g. 1 or 2) has a major 
effect on the peak splitting, 
13C NMR spectra of amorphous α-CD powders mixed with different 
amounts of water (13, 15 and 17% MC, w.b.) and kept for 72 h (without CO2 complexation) were 
determined and compared with the 
13
C NMR spectrum of uncomplexed crystalline α-CD powder. 
The analytical results showed that there was no difference in the peak splitting of carbon atoms C1, 
C4, C2-3-5 and C6 on the 
13C NMR spectra of amorphous α-CD powders at 13, 15 and 17% MC 
(w.b.), and uncomplexed crystalline α-CD powder (Figure 7.7). Therefore, it could be concluded 
that complexation with CO2 induces changes of conformation and the local magnetic environment 
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of host molecules (Heyes et al., 1992), leading to the splitting of peaks at C1, C4, C2-3-5 and C6 on 
the 
13
C NMR spectra of complex powders. The changes of peaks on the 
13
C NMR spectra (peak 
splitting or integration) caused by complexation of guests into α-CD cavity were also reported 
(Astakhova and Demina, 2004; Ho et al., 2011; Ho et al., 2015b; Li et al., 2003). 
 
7.3.1.6. X-ray analyses  
 
    
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 7.8: XRD patterns of uncomplexed crystalline and spray-dried amorphous α-CD powders, 
and of CO2-α-CD complex powders (CP) prepared from amorphous α-CD powders at different MC 
and encapsulated at 0.4-1.6 MPa for 72 h. 
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Figure 7.8 shows the XRD patterns of uncomplexed amorphous and crystalline α-CD powders, and 
the CO2-α-CD of complex powders prepared from amorphous α-CD powders at 13, 15 and 17% 
MC (w.b) and encapsulated at 0.4-1.6 MPa for 72 h. Unlike the XRD curve of uncomplexed 
amorphous α-CD powder which consisted of only two broad peaks, many sharp peaks were 
observed on the XRD patterns of all CO2-α-CD complex powders and uncomplexed crystalline α-
CD powder. This demonstrated that all CO2-α-CD complex powders produced from amorphous α-
CD powders at 13-17% MC (w.b.) existed in a crystalline structure. In a previous study (chapter 5), 
it was reported that the encapsulation of CO2 at 0.4-1.6 MPa up to 96 h significantly affected the 
crystal lattice structure of crystalline α-CD powder, but did not induce any phase transformation of 
amorphous α-CD powder at 5.22% MC (w.b.) because this moisture level was well below the 
critical level of crystallization of amorphous α-CD powder (Ho et al., 2015b). In response to adding 
water into the amorphous α-CD powder up to around the level inducing crystallization (13-17% 
MC, w.b.), crystal formation was initiated and subsequent subjection of formed crystals under 
pressure resulted in a slight difference being observed on the XRD curves of all CO2-α-CD complex 
powders. Moreover, these changes were also affected by the amount of water added to the 
amorphous α-CD powder prior to encapsulation. 
 
Solid-phase crystallization of amorphous powder could be explained following a similar approach 
to conventional liquid-phase crystallization, including two simultaneous processes, nucleation and 
growth of crystallites (Çelikbilek et al., 2012; Das et al., 2014). As water is added to amorphous 
powder, particles of amorphous -CD powder are aggregated due to water adsorption. The 
aggregated particles are then in close contact with each other, forming a highly viscous mixture 
along with heat release. If the mixture is continuously mixed during this process, it will be broken 
into separate small particles. All of these phenomena were clearly observed during the mixing of 
water with amorphous α-CD powders at 15 and 17% MC (w.b.), and might be considered as 
physical signs of the amorphous-crystalline state transformation of amorphous α-CD powder in 
solid state (Price and Young, 2004).  
 
For amorphous α-CD powder at 13% MC (w.b.), these phenomena seem to happen gradually during 
encapsulation. It has been well-known that the rate of phase transformation of amorphous powders 
is mainly controlled by the molecular mobility, which is greatly affected by the MC of materials or 
the RH of the environment to which material is exposed (Roos and Karel, 1992). Moisture acts as a 
plasticizer, decreasing the activation energy for the rearrangement of molecules in amorphous 
materials into an orderly structure (Wang and Langrish, 2007). At 13, 15 and 17% MC (w.b.), the 
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crystal nucleation formation of α-CD powders occurs, with the growth of the crystals continuing 
because of the alignment of the molecules on the crystal lattices. The growth rate of the crystals is 
controlled by the amount of water added and affects the CO2 encapsulation rate and capacity. The 
higher moisture content suggested the faster crystal nucleation formation and crystal growth, but 
lower CO2 encapsulation capacity. However, after mixing with water (13, 15 and 17% MC, w.b) 
followed by encapsulation at 0.4 and 1.6 MPa for 72 h, crystallinity of all complex powders was 
estimated to be identical and equal to nearly 100%. This was confirmed by the facts that the XRD 
patterns between the uncomplexed crystalline α-CD powder and all complex powders were very 
similar, and no broad peak associated with amorphous phase (as shown on the XRD curves of 
uncomplexed amorphous α-CD powder) was observed on the XRD patterns of CO2-α-CD complex 
powders. This result is quite comparable to the reported results in the earlier sections of SEM 
(Figure 7.2), polarized light microscopy (Figure 7.3), DSC (Figure 7.4) and NMR (Figure 7.6) 
analyses. 
 
7.3.2. Determination of type of crystals of CO2-α-CD complex powders 
7.3.2.1. Crystal type of uncomplexed α-CD powders 
It has been reported that four hydrated crystals of α-CD (form I, II, III and IV) are formed at normal 
conditions of pressure and temperature (Chacko and Saenger, 1981; Klar et al., 1980; Lindner and 
Saenger, 1980; Pulity et al., 1998). Recently, Granero-Garcia et al. (2012) reported a new form of 
hydrated crystals of α-CD (termed as form Ib) which was obtained under very high pressure 
conditions (P = 650 MPa). This form is essentially the same as form I but with a slightly different 
water content; thus the PXRD pattern of this form was not shown in this study. The differences in 
crystallographic data among these hydrated crystals were also reported in a study by Granero-
García et al. (2012). They have a similar crystal system (orthorhombic) and space group (P212121), 
but are different in unit cell dimensions and water content. However, all these hydrated crystals are 
obtained from aqueous solution and there is no information on how the hydrated crystals of 
uncomplexed α-CD are arranged when they are produced in solid state like in this study. In order to 
investigate this, X-ray analyses were performed on amorphous α-CD powder mixed with water so 
that its MC is close to or higher than the critical level of crystallization (13, 15 and 17% MC, w.b., 
kept for 72 h) without CO2 complexation. Then, the resultant PXRD patterns were compared with 
those of the four known hydrated crystals of α-CD (form I, II, III and IV) reported by (Caira, 2001).  
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As can be seen from Figure 7.9, the PXRD patterns of amorphous α-CD powers at different MC 
(13, 15 and 17% MC, w.b.) and commercial crystalline α-CD powder were similar to each other, 
and all their PXRD patterns were identical to the PXRD pattern of hydrated crystals of α-CD form 
I. Moreover, the unit cell dimensions of hydrated crystals determined from the PXRD patterns of 
amorphous α-CD power at 13, 15 and 17% MC (w.b.) and commercial crystalline α-CD powder, 
were also nearest to those of hydrated crystals of α-CD form I (Table 7.1). These results indicate 
that they have a similar structure and packing arrangement of α-CD molecules, known as the 
herring-bone cage structure type, in which both sides of α-CD molecule are blocked by the adjacent 
α-CD molecules.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.9: XRD patterns of commercial crystalline α-CD powder, α-CD hydrated crystals (form I, 
II, III and IV), and uncomplexed amorphous α-CD powders at 13, 15 and 17% MC (w.b.). 
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Table 7.1: Estimated crystal data for various hydrated crystals of α-CD, including form I, II, III, IV, 
commercial crystalline powder and uncomplexed amorphous α-CD at 13, 15 and 17% MC (w.b.). 
Hydrated crystal a (Å) b (Å) c (Å)  β γ Space group Reference 
Form I 14.8583 34.0387 9.5292 90 90 90 P212121 
Klar et al. 
(1980) 
Form 1b 14.6575 34.2531 9.2174 90 90 90 P212121 
Granero-García 
et al. (2012) 
Form II 14.8815 33.700 11.920 90 90 90 P212121 
Lindner and 
Saenger (1982) 
Form III 14.3565 37.5381 9.4004 90 90 90 P212121 
Chacko and 
Saenger (1981) 
Form IV 13.8393 15.3983 24.2097 90 90 90 P212121 
Puliti et al. 
(1998) 
Amorphous α-CD, 13% MC 14.8528 34.0383 9.5203 90 90 90 P212121 
In this study 
Amorphous α-CD, 15% MC 14.8476 34.0310 9.5195 90 90 90 P212121 
Amorphous α-CD, 17% MC 14.8478 34.0364 9.5209 90 90 90 P212121 
Commercial crystalline  α-CD 14.8914 34.0606 9.5381 90 90 90 P212121 
 
7.3.2.2. Crystal type of CO2-α-CD complex powders 
As mentioned in the introduction, crystals of complex powders can be packed in a cage-type or 
channel-type configuration in which the guest molecules are accommodated in the isolated cavities 
or in an infinite channel-like cavity, respectively (Saenger and Steiner, 1998). In order to determine  
how the molecules in crystals of CO2-α-CD complex powders are arranged, their PXRD patterns 
were compared to each eleven reference PXRD patterns related to α-CD, including hydrated 
crystals of α-CD, methylated α-CD derivatives, and α-CD complexes with various guests, reported 
by Caira (2001). The PXRD patterns which were clearly different to those of CO2-α-CD complex 
powders were disregarded, and then only five PXRD patterns which had a similar pattern to those 
of CO2 complex powders were selected. Of these, four were hydrated crystals of α-CD with water 
(forms I, II, III and IV) and one was a α-CD complex with methanol. All of these crystals shared the 
same crystal system (orthorhombic,  = β = γ = 90o), had similar unit cell dimensions and identical 
space group (P212121), and were packed in the same way (e.g. herringbone cage-type) (Saenger, 
1985). An excellent visual match of diffraction peak angles between the PXRD patterns of all the 
CO2-α-CD complex powders and the PXRD pattern of inclusion complex of α-CD with methanol 
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(marked with (+) symbol) was found (Figure 7.10). This suggests that the molecules of crystals of 
these complexes would be packed in a similar pattern. The PXRD pattern of α-CD complex with m-
nitrophenol, which represented the channel-type arrangement (space group P21212), is also 
presented in Figure 7.10 so that any differences in peak angular positions on the PXRD patterns 
between cage-type and channel-type crystal arrangement could be easily compared.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.10: XRD patterns of commercial crystalline α-CD and complex powders (CP) of α-CD 
with m-nitrophenol, methanol and CO2 at different moisture (13, 15 and 17% MC, w.b.) and 
pressure (0.4 and 1.6 MPa), (*): reproduced from study by Caira (2001), (?): done in this study. 
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From these observations, it could be concluded that CO2-α-CD complex powder crystals will be 
packed in cage-type configuration in which both sides of a α-CD molecule will be blocked by 
adjacent α-CD molecules, by which CO2 gas molecule will be entrapped in isolated cavities. It has 
been reported that the size of the guest molecules determines the type of crystal packing, and that 
small guest molecules, such as krypton, iodine, methanol, 1-butanol, acetic acid or butyric acid, 
form cage-like structure complexes with α-CD molecules, whereas long molecular guests and ionic 
guest molecules induce channel/tunnel type structures (Saenger and Steiner, 1998). During 
complexation, CO2 molecules being small in size with a longitudinal dimension of 0.232 nm, can be 
easily fitted into a α-CD cavity (0.47-0.53 nm in diameter) without distorting the α-CD macrocycle.  
 
Table 7.2: Estimated crystal data for CO2-α-CD complexed powders. 
Guest molecule a (Å) b (Å) c (Å)  β γ Space group Reference 
Methanol 9.465 14.339 37.365 90 90 90 P212121 Caira (2001) 
CO2 - 13 MC & 0.4 MPa 9.457 14.321 37.343 90 90 90 P212121 
In this study 
CO2 - 13 MC & 1.6 MPa 9.466 14.314 37.369 90 90 90 P212121 
CO2 - 15 MC & 0.4 MPa 9.465 14.209 37.212 90 90 90 P212121 
CO2 - 15 MC & 1.6 MPa 9.834 14.926 37.359 90 90 90 P212121 
CO2 - 17 MC & 0.4 MPa 9.592 14.809 37.639 90 90 90 P212121 
CO2 - 17 MC & 1.6 MPa 9.625 14.860 37.751 90 90 90 P212121 
 
The estimated crystal data for CO2-α-CD complex powders are shown in Table 7.2. As can be seen 
from this table, unit cell dimensions of CO2-α-CD complex powders, especially those prepared from 
amorphous α-CD powders at 13 and 15% MC (w.b.), are quite close to those of the inclusion 
complex of α-CD with methanol. Moreover, the PXRD patterns of CO2-α-CD complex powders 
were reconstructed using the crystal data in Table 7.2. By visual inspection, the degree of similarity 
of the reconstructed and experimental PXRD patterns was estimated to be approximately 90%, 
especially those at 13% MC.  An example of the reconstructed and experimental PXRD patterns of 
CO2-α-CD complex powder (13% MC, 0.4 MPa and 72 h) is shown in Figure 7.11. A few un-
matching peaks between the reconstructed and experimental XRD patterns were found in all cases, 
suggesting that it might have other crystal packing types presented in the CO2-α-CD complex 
powder. This requires further investigation.  
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Figure 7.11: An example of the experimental and reconstructed XRD patterns of CO2-α-CD 
complexed powder (13% MC, 0.4 MPa and 72 h). 
 
7.4. CONCLUSION    
The results of X-ray, polarized light microscope, 
13
C NMR, SEM and DSC analyses showed that 
the addition of water into amorphous α-CD powders up to 13, 15 and 17% MC (w.b.) prior to CO2 
complexation resulted in crystallization of CO2-α-CD complex powder. The characteristics of the 
crystallization process (e.g. formation of a highly viscous mixture, along with heat release and rapid 
formation of the granular structure) were clearly observed for amorphous α-CD powders at 15 and 
17% MC (w.b.). During crystallization of CO2-α-CD complex powder, α-CD molecules are packed 
in a cage-type arrangement, in which both sides of a α-CD molecule would be blocked by 
neighboring α-CD molecules, by which the CO2 gas molecule would be entrapped in isolated 
cavities. The complex powder formation was clearly confirmed by a peak associated with CO2 on 
the FTIR (2334 cm
-1
) and NMR (125.3 ppm) spectra.  
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Chapter 8 
 
Dehydration of CO2--Cyclodextrin Complex Powder by  
Desiccant Adsorption Method and Its Release Properties 
(*) 
 
 
ABSTRACT 
The stability and release properties of CO2--cyclodextrin (-CD) complex powder prepared by 
solid encapsulation (water activity, aw  0.950), followed by moisture removal by using silica gel 
and CaCl2 as desiccants, were investigated. The results showed that CaCl2 reduced aw much faster 
than silica gel did under the same conditions. After approximately 60 h, the aw of complex powder 
reduced using silica gel was almost constant at 0.247 (± 0.012), while those treated with CaCl2 the 
aw was 0.225 (± 0.005) and had not yet reached its lowest value. Moisture adsorption by silica gel 
and CaCl2 also led to a decrease in the CO2 concentration of complex powder (a higher decrease for 
silica gel adsorption) without affecting the structure and morphology of the complex powder. The 
CO2 release properties of CaCl2-aw reduced complex powder at different relative humidities (32.73, 
52.86, 75.32 and 97.30% RH), liquid environments (water and oil) and packaging methods (normal 
and vacuum) were also studied.   
 
Keywords: release properties, relative humidity, complex powder, amorphous -CD powder, solid 
encapsulation.  
                                                 
(*)
 This chapter has been published as a research paper in the Journal of Microencapsulation (IF =  1.543): HO, T. M., 
HOWES, T. & BHANDARI, B. R. 2016. Dehydration of CO2--cyclodextrin complex powder by desiccant adsorption 
method and its release properties. Journal of Microencapsulation, 33(8), 763-772. The manuscript was modified to keep 
the format consistent throughout the thesis. 
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8.1. INTRODUCTION 
Carbon dioxide (CO2) has been widely used in the agriculture and food processing industries to 
retard deteriorative reactions or breakdown of the food components, to inhibit the growth of 
spoilage microorganisms and activities of hydrolytic enzymes, to carbonate beverages, to quickly 
freeze food products, or to extract typical food flavor compounds (Kaliyan et al., 2007). 
Commercially, CO2 in gas and liquid forms is stored in high pressurized systems, while CO2 in 
solid form (dry ice) is kept in special freezers due to its rapid sublimation at normal conditions. The 
utilization of CO2 from these sources requires a special care to avoid explosion hazards (high 
pressurized cylinders), frostbite (low temperature of dry ice, -78.6
o
C), and human health concerns 
due to possible leakage of CO2 because it acts as an asphyxiant at concentrations higher than 1.0% 
(v/v) (Energy Institute, 2010). An innovative idea to produce a food-grade CO2 containing powder 
from which CO2 release can be controlled would not only help to address the above mentioned 
shortcomings, but would also offer a safe and convenient method to use CO2 gas, especially in 
circumstances where a small amount of CO2 gas is required. Potential applications of gas 
complexed into the edible and biocompatible solid matrices in agriculture and food production have 
been reported by Ho et al. (2014). Several studies on the production of CO2 containing powder via 
molecular encapsulation technique using alpha-cyclodextrin (-CD) powder as host material have 
been reported (Ho et al., 2015b; Ho et al., 2016a; Ho et al., 2016b; Neoh et al., 2006; Pereva et al., 
2015; Zeller and Kim, 2013).  
 
In these studies, two methods for producing CO2 containing powder were developed. In the first, 
known as liquid encapsulation, CO2 gas is pressurised into -CD solution which promotes the 
complexation of CO2 into the CD molecular cavity, followed by crystallization, filtration and 
dehydration of the complex powder. Alternatively, in solid encapsulation, CO2 is adsorbed into the 
cavity of -CD in solid state under pressure. The solid state approach is more advantageous in 
terms of yield and encapsulation time than the liquid one, but the CO2 complex powders produced 
by the solid method were found to be unstable, whereas those obtained by liquid approach are stable 
for months at normal conditions. This is due to differences in the structure of complex powders 
produced by two methods. In liquid encapsulation, complex powders are formed by the 
crystallization of -CD molecules, during which crystals slowly grow layer by layer to form a 
systematic structure which subsequently acts as a barrier for CO2 release (Neoh et al., 2006). 
Nevertheless, in the solid state method, high pressure is used to push CO2 molecules into the 
cavities of -CD molecules, and the penetration of CO2 into the α-CD cavities does not result in any 
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change of structure or morphology of the complex powder. The complex remains an amorphous 
structure. In this structure, there is no further mechanism to efficiently lock the encapsulated CO2 
molecules into these cavities, thus they are rapidly lost during the depressurization step (Ho et al., 
2015b). In previous studies (Ho et al., 2016a; Ho et al., 2016b), it was found that the crystallization 
of amorphous CO2-α-CD complex powder during the solid complexation process significantly 
improved the encapsulation capacity and the stability of CO2 in the complex powder. This was 
accomplished through the addition of a required amount of water into the amorphous α-CD powder 
prior to encapsulation, in order to increase its initial moisture content (MC) to close to, or higher 
than, the critical level of crystallization of amorphous α-CD powder (about 14% MC on a wet basis, 
w.b.) (Ho et al., 2015a). Unfortunately, due to effects the amount of added water, together with the 
water exclusion during the crystallization of amorphous α-CD powder, the CO2 complex powder 
produced by this method cannot be stable enough for actual applications. At 75% relative humidity 
(RH) and 25
o
C, the half time for CO2 release from the complex powder was found to be only 0.52 
h. A high amount of water on the surface of the CO2 complex powder particles was confirmed by 
the high water activity (aw = 0.954) measurement. This aw can also promote microbial growth on the 
surface of the powder. Therefore, a reduction of aw of CO2 complex powder requires further 
investigation to improve its stability. 
 
In food production, aw of a product can be reduced or controlled in two ways: (1) by the removal of 
water by dehydration (e.g. drying, centrifugation, concentration or moisture adsorption using 
chemical absorbents); and (2) by binding the water with humectants (e.g. salts or sugars) (López-
Rubio et al., 2008). Of these, aw reduction by the use of moisture absorbents is the preferred method 
for the dried and volatile components containing products such as CO2 complex powders (Bradsher 
et al., 2015). It has been known that in a non-hermetic package, moisture exchange between the 
product and the surrounding environment is continuous, until an equilibrium is established. This 
moisture transfer leads to water loss or gain of the product, depending on the storage RH, initial MC 
and moisture adsorption properties of the product, and moisture permeability of packaging materials 
(Tung et al., 2000). The removal of the headspace humidity in an airtight package, by which aw of 
the packed product is reduced, can be accomplished by using solid desiccants such as silica gel, 
activated clays or inorganic salts (López-Rubio et al., 2008). Desiccants have a high affinity for 
water through the formation of physical or chemical bonds with water molecules. Most solid 
desiccants used for moisture removal from air will always be considered physisorption with low 
bond strength, thus they can be easily regenerated (Mei et al., 1992). The most widely-used 
desiccant in the food industries is silica gel, because of its low cost, non-toxic, non-flammable and 
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inert properties, regeneration ability, high water adsorption capacity, and very long shelf-life if it is 
stored in airtight conditions. For applications of silica gel, it is often packed in pouches or sachets 
made by adhesive coated or laminated papers, non-woven materials, or permeable films that allow 
moisture exchange (Powers and Calvo, 2003). For humidity control of a moist environment, another 
common and economic method is the use of inorganic salts (CaCl2 or LiCl). Unlike silica gel and 
other desiccants, these salts will absorb moisture until they dissolve (deliquesce) completely. If 
moisture absorption is prolonged, this solution will become saturated and have an equilibrium RH 
characteristic of the specific salt used (Powers and Calvo, 2003). The use of various desiccants to 
effectively control in-package humidity for different food products has been well reported 
(Anantheswaran et al., 1996; Singh et al., 2014; Song et al., 2001).  
 
In encapsulation, an investigation on the release kinetics of actives from complexes is essential to 
determine the long-term storage stability and the best use of encapsulated powders. Encapsulated 
components must be controlled to release at right time, right place and desired rate under expected 
conditions. Factors stimulating the release of actives include, temperature, pH, pressure, moisture, 
enzymes, ultrasonic, mechanical forces (e.g. grinding), or the addition of surfactants (Reineccius, 
1995). Under the influence of these factors, either individually or in combination, the complexes 
experience several physiochemical changes, such as degradation, melting, swelling, dissolution, 
disruption or hydrolysis, resulting in the breakdown of the weak interactions between actives and 
coating materials, and the consequently release of the encapsulated components (Whorton, 1995). 
An appropriate selection of release stimulating factors allows the control of the rate of encapsulated 
component liberation in various manners, including immediate, prolonged, delayed and modified 
release (Hirayama and Uekama, 1999). For complexes of -CD with gases, two commonly-used 
release-stimulating factors are RH and temperature. An increase of RH and/or temperature brings 
about an acceleration of the release rate of encapsulated gases. In a high RH environment, the 
disruption of host material (-CD) of gas complexes, due to the hydrophilic exterior of -CD 
molecules, releases encapsulated gases while the temperature intensifies this process, speeding up 
the release rate of encapsulated gases. When dissolved into water, -CD complexes release gases 
immediately (Ho et al., 2011; Neoh et al., 2006). In food industries in which CO2 gas has a wide 
range of applications (Hotchkiss et al., 2006), many products are emulsions of water and oil, 
containing a large proportion of the lipid phase rather than water. Thus, the study on the release 
properties of CO2 from complex powder in a lipid environment is also valuable to provide an 
insight into its application in food products.   
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The aims of this study were to investigate effects of silica gel and CaCl2 desiccants on aw reduction, 
CO2 loss and the physical properties (polarized light microscope, SEM, FTIR, X-ray, DSC and 
13
C 
NMR analyses) of CO2 complex powders prepared by solid encapsulation (0.4 & 1.6 MPa for 48 h) 
from amorphous -CD powder moisturized up to 15% MC (w.b.). In addition, the release properties 
of aw-reduced-CO2 complex powder at different RH levels, liquid media (water and oil) and 
packaging methods were also investigated.   
 
8.2. MATERIALS AND METHODS 
8.2.1. Materials 
Crystalline α-CD powder (> 99% purity) was purchased from Wacker Biochem Group (Wacker 
Chemicals Inc., Germany) and amorphous α-CD powder was produced by spray drying of α-CD 
solution (10%, w/w) using an Anhydro spray-drier (The University of Queensland, Australia), as 
described in chapter 3 (Ho et al., 2015a). The powders were stored in a dry, airtight container until 
they were used for experiments and analysis. 
 
CaCl2 crystals (CaCl2.2H2O) were food-grade white flakes (IMCD Australia Limited, Australia) 
with particle size in the range of 1.0-6.3 mm. Silica gel in the forms of blue beads (2-5 mm 
diameter) was bought from Point of Care Diagnostics Pty Ltd., Australia. Saturated silica gel was 
regenerated by vacuum oven (absolute pressure 80 kPa) at 105
o
C for at least 24 h (indicated by 
colour change from pink to blue). The aw of the fresh CaCl2 and silica gel was measured to be 0.069 
± 0.006 and < 0.025, respectively. Both desiccants were kept in a sealed container until they were 
used and their aw was checked before use in order to ensure their maximum water adsorption 
capacity. Canola oil (100%) was bought from Woolworths, Australia. All other chemicals used in 
this study were of analytical reagent grade. 
 
8.2.2. aw reduction of complex powders prepared by solid encapsulation 
CO2-α-CD complex powders were prepared from amorphous α-CD powder at 15% MC, 0.4 MPa 
and 48 h, by following the solid encapsulation method reported in chapter 6 (Ho et al., 2016a). 
About 10 g of CO2-α-CD complex powder was weighed and placed into an aluminium bag (75x170 
cm) which contained a smaller paper bag (65x85 cm) of 10 g of fresh CaCl2 or silica gel. The air in 
the headspace of the aluminium bag was manually removed before sealing. For each replication, 15 
such aluminium bags were prepared and kept in an incubator at 25
o
C. After a pre-determined time 
interval (0-120 h), a bag was withdrawn to quantify the amount of CO2 retention and aw. For 
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brevity, hereafter the terms of “wet CO2 powder” and “dry CO2 powder” were used to indicate for 
CO2 complex powders (amorphous α-CD powder at 15% MC, 0.4 MPa and 48 h) before and after 
their aw reduction respectively. 
 
 8.2.3. Water activity determination 
The aw of complex powders was determined by using an AquaLab 3 Water Activity Meter with a 
sensitivity of 0.001 (Decagon Devices, Inc., Pullman, USA) at 25oC. The meter was checked and 
calibrated with salt standards which has aw in the range of the present study.  
 
8.2.4. Quantification of CO2 gas in the complex powders 
The CO2 concentration in complex powders was quantified using the infra-red CO2 probe system 
described in a previous study (chapter 4, Ho et al., 2016c). Distilled water was added to completely 
release the CO2 from 2-5 g of the complex powders  into the headspace of an airtight chamber, 
which was then measured by infra-red CO2 probe (Testo 535, Provo Instrument Pty. Ltd., 
Australia). The measured CO2 content was reported as a molar inclusion ratio (mol CO2/mol -
CD).  
 
8.2.5. Characterization of aw reduced CO2--CD complex powders  
The wet and dry CO2 powders were characterized by scanning electron microscopy (JEOL JMS 
6460LA Scanning Electron Microscope, Jeol Ltd., Tokyo, Japan), Fourier transform infrared 
spectroscopy (FTIR Spectrometer Attenuated Total Reflectance Spectrum 100, PerkinElmer Ltd, 
Beaconsfield, UK), X-ray diffraction analysis (Bruker Advance MK III X-ray diffractometer, 
Bruker AXS GmbH, Karlsruhe, Germany), differential scanning calorimetry (DSC, Mettler Toledo, 
Switzerland), 
13
C solid-state nuclear magnetic resonance spectrometry (Bruker Advance III NMR 
(Bruker AXS GmbH, Karlsruhe, Germany) and true density (Multipycnometer, MVP-6DC, 
Scientific Solutions, Australia).  
 
The characterization methodologies for SEM, FTIR, X-ray, DSC and 
13
C NMR have been described 
in Chapters 5, 6 and 7 (Ho et al., 2015b, Ho et al., 2016a and Ho et al., 2016b). For determination of 
the true densities of -CD powders (crystalline and amorphous) and wet and dry CO2 powders, gas 
pycnometer (Multipycnometer, MVP-6DC, Scientific Solutions, Australia) was used. About 5 g of 
samples were weighed into sample cell and then purged with nitrogen gas for 10 min prior to 
performing the measurement to eliminate contaminating vapours and atmospheric gases from the 
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sample and the system. The true volume of samples was determined through measuring the pressure 
difference before (P1) and after (P2) the expanding of a known quantity of gas from a precisely 
known reference volume (VR) into a known volume sample cell holder (Vc). True densities of 
samples were the ratio of sample weight and true volume calculated from P1, P2, VR and Vc 
parameters.  
 
8.2.6. Release properties of CO2 from CO2--CD complex powders 
Release properties of dry CO2 powder under different RH (32.73, 52.86, 75.32 and 97.30%), in 
water and oil with different ratios, and under normal and vacuum packaging, were investigated. For 
RH effects, about 1 g of complex powders were weighted into small plastic cups (3.2 cm in 
diameter and 1.3 cm in height). These cups were then kept in desiccators in which the RH level was 
controlled at 32.73, 52.86, 75.32 and 97.30%, using saturated magnesium chloride, magnesium 
nitrate, sodium chloride and potassium sulphate solutions, respectively. The saturated salt solutions 
were prepared at least 24 h before performing the experiment. The desiccators were placed in an 
incubator to control the temperature at 25
o
C. After each predetermined time at 0, 4, 8, 12, 28, 48, 
72, 120, 168 (7 days), 336 (14 days), 504 (21 days) and 672 h (28 days), a cup was withdrawn from 
the desiccators to quantify the amount of retained CO2. 
 
For liquid effects, the CO2 measuring system described in chapter 4 (Ho et al., 2016c) was used for 
continuous measurement of the amount of CO2 released. The RH in the system chamber was 
maintained at 75% using saturated NaCl solution and the system was held at 25
o
C. About 3 g of 
complex powder was put into the system, water or oil was injected at different complex powder and 
liquid ratios of 1 : 1; 1 : 5 and 1 : 10. The amount of CO2 in the headspace of the system chamber 
was measured with time until it was almost unchanged for water and up to 120 h for oil, in order to 
avoid the possibility of CO2 loss due to permeability through the chamber. Moreover, in order to 
evaluate if the headspace of packing affects the stability of CO2 containing powder, about 5 g of dry 
CO2 powder was packed into aluminum bags (15x30 cm) by normal and vacuum sealing. These 
bags were then kept in an incubator at 25
o
C and a bag was withdrawn at each predetermined time 
(0, 4, 8, 12, 28, 48, 72, 120, 168, 336, 504 and 672 h) for measuring the amount of CO2 retained in 
the powder.  
 
The release kinetics of CO2 from complex powders at those conditions was investigated by fitting 
the experimental data with Avrami‟s equation (eq. 8.1) and the half-time (t1/2) value (eq. 8.2) 
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expressing the time required for 50% of the encapsulated component to release was determined (Ho 
et al., 2016a).    
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Where, X (-) is the release fraction of CO2 at time t (h), k (h
-1
) is the release rate constant and n (-) is 
the release mechanism order.  
 
8.2.7. The design of the experiment and statistical analysis 
The experiments were performed following a completely randomized design with at least two 
replications and all measurements were repeated at least two times. The data were subject to 
analysis of variance (ANOVA) at significance level p = 0.05 using the Minitab® Released 16 
statistical programme (Minitab Co., USA). Tukey‟s multiple comparison test was employed to 
differentiate between mean values. For characterization of complex powders, at least two 
replications were also performed. 
 
8.3. RESULTS AND DISCUSSION 
8.3.1. Effects of silica gel and CaCl2 desiccants on aw reduction of complex powder 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1: The effects of silica gel and CaCl2 desiccants on aw reduction (a) and  
CO2 retention (b) of wet CO2 complex powder (CP). 
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The effects of silica gel and CaCl2 desiccants on aw reduction of CO2 complex powders are shown 
in Figure 8.1(a). The results illustrated that under the same conditions, CaCl2 showed a much 
greater extent of aw reduction than silica gel. This could be because of a higher water adsorption 
capacity of CaCl2 compared to silica gel. At normal temperature and pressure, when in contact with 
nearly saturated air (RH > 90%), 1 g of silica gel can adsorb about 0.40-0.45 g of water (Ng et al., 
2011) while 1 g of dihydrate CaCl2 adsorbs up to 6.5-14 g of water (The Dow Chemical Company, 
2003). However, the water adsorption rate and capacity of these desiccants depends on many other 
factors, such as size and surface area of desiccants, polarity of desiccants, and particle size of the 
CO2 complex powder, RH in the headspace of packaging, adsorption temperature and pressure, or 
circulating rate of headspace air (Demir et al., 2011; The Dow Chemical Company, 2003). Both 
silica gel and CaCl2 are hygroscopic materials which can adsorb water vapor from the surrounding 
environment, but they are completely different in hygroscopicity and their mechanism of moisture 
adsorption. Silica gel particles, with a highly porous structure and high specific surface area (100-
1,000 m
2
/g), attract moisture through adsorption onto the surface and condensation in capillaries of 
the porous network (Qiu et al., 2009). The water adsorption centrals of silica gel are hydroxyl 
groups in the structure. The polarity of these hydroxyl groups allows hydrogen bonds to be easily 
formed between silica gel and polar water molecules (Wang et al., 2009). CaCl2 has both 
hygroscopic and deliquescent properties, thus it can adsorb moisture from the surrounding 
environment to liquefy. The formed salt solution continues to adsorb moisture until an equilibrium 
about vapor pressure between salt solution and surrounding air is established (The Dow Chemical 
Company, 2003).  
 
A very slow rate of aw reduction was observed for both desiccants at the initial time of aw in the 
reduction process, especially for silica gel which required about 13 h to induce a decrease of aw. 
During this time, desiccants adsorb only water vapour in the packaging headspace and thus the aw 
of the CO2 complex powder remained almost unchanged. Once the water vapour in the packaging 
headspace decreased, a water migration from the particle surface of CO2 complex powder to the 
headspace was initiated, resulting in a very rapid drop of CO2 complex powder aw. However, after 
approximately 60 h the change of aw was negligible, and it was almost constant at 0.247 (± 0.012) 
for silica gel and 0.225 (± 0.005) for CaCl2. This could be because an equilibrium of water vapour 
between the CO2 complex powder and desiccants is established. During water adsorption, the aw of 
CaCl2 and silica gel desiccants increased from 0.069 ± 0.006 and < 0.025 at 0 h to 0.250 (± 0.005) 
and 0.212 (± 0.021), respectively, after about 60 h. After this time, the aw of the desiccants was 
quite similar to that of CO2 complex powder. 
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It has been reported that deliquescence of dihydrate CaCl2 granules, which occurs as their water 
adsorption capacity exceeds 0.33 g/g, reduces the water uptake performance of salt (Ng et al., 
2011). Moreover, this deliquescence could result in the caking of the CO2 complex powder in 
contact with the surface of the CaCl2 bag, which can become a barrier to further moisture exchange 
between the CO2 complex powder and CaCl2. These are possibly reasons for the fluctuation of CO2 
complex powder for aw being reduced by CaCl2, especially from 13 to 24 h, as shown in Figure 
8.1(a). In contrast, the silica gel particles do not change their phase, size or shape, and the particles 
are likely to appear dry even when they are saturated with water (Ng et al., 2011). Moreover, it can 
be regenerated by oven drying at 90-120
o
C for several hours without affecting water adsorption 
capability (Wang et al., 2009). These characteristics make these silica gel particles the most widely-
used desiccant for the control of local humidity for many food related applications. 
 
8.3.2. Effects of dehydration on CO2 retention in complex powder 
The effects of dehydration by silica gel and CaCl2 desiccants on CO2 retention of complex powder 
are shown in Figure 8.1(b). When the percentage of CO2 remaining was calculated from a ratio of 
amount of CO2 in complex powder measured at time (t) relative to the initial CO2 concentration (t = 
0), the results in Figure 8.1(b) show that the aw reduction by silica gel led to about 50% of 
encapsulated CO2 being  lost, which was about three times more than amount of CO2 lost caused by 
CaCl2. It has been known that because of its porous structure, silica gel can adsorb CO2 gas to some 
extent, depending on the adsorption pressure and temperature (Berlier and Frere, 1997; Wang and 
LeVan, 2009). In a study by Elia et al. (1986) the effects of CO2 adsorption by silica gel and CaCl2 
were investigated using an infra-red CO2 analyzer. A gas mixture containing 0.8% CO2 was passed 
through silica gel and CaCl2 at a flow rate of 1 L/min, and the measurement of the CO2 adsorbed 
into these desiccants with time showed that silica gel adsorbed about 38% of the CO2 over 15 min 
(e.g. 145 g of silica gel adsorbed about 2 mmol of CO2) whereas CaCl2 adsorbed virtually no CO2.  
  
In a previous study (chapter 6) it was found that wet CO2 powder was not stable and CO2 was 
released upon depressurization. More than 50% of the encapsulated CO2 was lost over 30 min (75% 
RH and 25
o
C) (Ho et al., 2016a). Therefore, there would be an inevitable loss of CO2 during sample 
preparation (e.g. sample weighing, division and sealing into packets). Moreover, a fraction of CO2 
could be released into the packaging headspace in the initial hours after the bag is sealed due to the 
very high initial aw of CO2 complex powder  (aw > 0.954). There could be other causes of CO2 loss 
during the aw reduction process. The differences in the amount of CO2 loss among bags, along with 
a random selection of a bag for each analysis time, might be one of the reasons for the fluctuation of 
  
185 
 
Chapter 8: Dehydration of complex powder by desiccant adsorption and its release properties 
CO2 retention data in Figure 8.1(b). In order to confirm these assumptions, fewer samples were 
prepared so that the time required for sample preparation was significantly shortened and the 
amount of CO2 loss was markedly decreased. The results in Figure 8.2 in which aw and retained 
CO2 concentration at only four time intervals (0, 24, 72 and 120 h) were determined showed that 
there was no fluctuations of the CO2 remaining and the aw reduction data. 
 
8.3.3. Effects of initial CO2 concentration on dehydration of complex powder 
In order to evaluate if the aw reduction by silica gel or CaCl2 was affected by the initial CO2 
concentration in the complexes, the procedure described above was applied for CO2 complex 
powders prepared at a higher pressure level of 1.6 MPa. However, for each replication only four 
aluminium bags were prepared for four time intervals (0, 24, 72 and 120 h) to avoid the possibility 
of CO2 loss during sample preparation due to the instability of CO2 complex powders.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: The effects of silica gel and CaCl2 desiccants on aw reduction (a), and  
CO2 retention expressed as mole fraction (b) and percentage (c), of wet CO2 complex powder (CP)  
prepared at 0.4 and 1.6 MPa for 48 h. 
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Figure 8.2 illustrates the effects of initial CO2 concentration in complex powder (prepared at 0.4 
and 1.6 MPa for 48 h) on aw decline, and the amount of CO2 retention during dehydration by silica 
gel and CaCl2. The results showed that the initial CO2 concentration did not impact on the rate of aw 
reduction. For each desiccant, the profile of aw reduction of complex powder prepared at 0.4 MPa 
was almost identical to that of complex powder prepared at 1.6 MPa (Figure 8.2a). However, the 
differences in initial CO2 concentration have a large effect on CO2 retention (Figure 8.2b). For both 
desiccants, a greater amount of CO2 (mol CO2/mol -CD) retention was found for complex powder 
with a higher initial CO2 concentration. This could be because the complex powder produced at a 
higher pressure has a higher CO2 concentration, which can produce a higher partial pressure of CO2 
in the packaging headspace. The partial release of gas which increased the pressure inside the 
package, caused the bags to become swollen. However, because the CO2 adsorption capacity of the 
silica gel increased with an increase of partial pressure (Berlier and Frere, 1997; Elia et al., 1986), 
the percentage of CO2 remaining for complex powder (desiccated by silica gel) produced at 0.4 and 
1.6 MPa was almost the same (Figure 8.2c). The higher CO2 adsorption capacity at a higher partial 
pressure of silica gel could be reason for the similarity in CO2 retention after 24 h of the 
dehydration process between CaCl2-aw-reduced complex powders prepared at 0.4 MPa and silica 
gel-aw reduced complex powder prepared at 1.6 MPa (Figure 8.2b). Moreover, in a previous study 
(chapter 6, Ho et al., 2016a), it was found that at 75% RH and 25
o
C, CO2 complex powders 
prepared at a low pressure (e.g. 0.4 MPa) were more stable than those prepared at a higher pressure 
(e.g. 1.6 MPa). Therefore, a greater extent of CO2 release into the headspace of packaging was 
found for complex powders prepared 1.6 MPa, leading to a lower percentage of CO2 remaining 
after being dehydrated (Figure 8.2c). 
  
8.3.4. Characterization of aw reduced CO2--CD complex powders 
The results of X-ray, DSC, FTIR, polarized light images and 
13
C NMR analyses of wet and dry CO2 
powders are shown in Figure 8.3. Similarities in these analytical results among the samples revealed 
that the dehydration by silica gel and CaCl2 did not significantly affect the structure and 
morphology of the CO2 complex powder. In a crystalline state, molecules in CO2 complex powder 
are highly ordered and compactly arranged, thus the slow removal of water from the particle surface 
does not impact on the molecular arrangement. It has been reported that X-ray patterns of CO2 
complex powers prepared by solid encapsulation (1.0-3.0 MPa) from crystalline -CD powders at 
2, 10 and 30% MC (w.b.) were similar to each other (Neoh et al., 2006). A similar phenomenon was 
also found by (Ho et al., 2016a), in which there was almost no difference in the X-ray patterns of 
CO2 complex powers prepared by solid encapsulation compared to amorphous -CD powders with 
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added water up to 13, 15 and 17% MC (w.b.), which is about the critical level of crystallization of 
amorphous -CD powders. However, there were slight differences in peak intensities observed in  
the X-ray patterns of wet and dry CO2 powders (Figure 8.3a). This could be due to differences in 
MC and CO2 concentrations among the samples (Caira, 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.3: Analytical results of X-ray (a), DSC (b), FTIR (c), 
13
C NMR (d) and  
SEM (e) of wet and dry CO2 powders, (1): wet CO2 powder, (2): silica gel-aw reduced CO2 powder, 
and (3): CaCl2-aw reduced CO2 powder. 
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Dissimilarities in CO2 concentration and MC between wet and dry CO2 powders were clearly 
exhibited in the analytical results of DSC (Figure 8.3b), FTIR (Figure 8.3c) and 
13
C NMR (Figure 
8.3d). The dehydration caused a shift and reduction in the number and size of endothermic peaks 
which represent the water evaporation and CO2 release (Ho et al., 2015b). On the DSC curves, there 
was no such peaks observed for the second DSC scans (data not shown). Compared to the DSC 
curve of wet CO2 powder, fewer peaks were observed on that of dry CO2 powder, indicating that 
both moisture and CO2 were lost during dehydration. Moreover, the results of FTIR and 
13
C NMR 
analyses showed that a decrease in the intensity of a peak associated with CO2 gas was observed on 
the FTIR spectra (2334 cm
-1
) and NMR spectra (123.5 ppm) of dry CO2 powder. The intensity of 
this peak is positively correlated to the CO2 concentration in these samples. Considering the FTIR 
spectra, the broad peak was at a wavenumber range of 4000-3000 cm
-1
, which is usually associated 
with asymmetric and symmetric stretching of hydroxyl groups (O-H) of water in the complex 
powder and in -CD molecules (Coates, 2000). The absorbance intensity of this peak for dry CO2 
powder was also reduced significantly, indicating a lower level of MC in this sample. 
 
The reduction of aw did not markedly influence the general morphology of complex powders, but 
the fracture of some large particles of complex powders was observed by SEM analysis. Based on 
the scale bar shown in the SEM images (Figure 8.3e), the particle size of dry CO2 powder was much 
smaller than that of wet CO2 powder. The aw of wet CO2 powder (aw > 0.954) is high enough for 
liquid bridges to form, resulting in the agglomeration of particles (Cuq et al., 2013). Particle 
agglomeration of CO2-α-CD complex powders prepared from crystalline -CD powders at high MC 
(10-30%, w.b.) was also reported by Neoh et al. (2006). However, as water molecules on the 
particle surface are removed, the bonds between the particles will no longer exist, leading to 
disintegration of agglomerates. To some extent, the fragmentation of particles may contribute to 
CO2 loss.  
 
The true densities of -CD powder (amorphous and crystalline) and dry CO2 powder, are shown in 
Table 8.1. An attempt to determine the true density of wet CO2 powder by using gas pycnometer 
was unsuccessful, due to the release of CO2 from the complex powder, resulting in continuous 
changes of pressure in the measuring system and it could not achieve a stable state. True densities 
of uncomplexed -CD powders were significantly higher than those of dry CO2 powders (p < 0.05). 
Generally, true density of crystalline powders was higher than that of amorphous powders, due to 
short distance and high order of atoms arrangement in the crystalline lattices of crystalline powders 
(Yang et al., 2012). A higher true density of crystalline powders compared to that of amorphous 
  
189 
 
Chapter 8: Dehydration of complex powder by desiccant adsorption and its release properties 
counterparts has been reported for sucrose (Kikuchi et al., 2011) and  a model drug substance 
(Hancock et al., 2002). However, when considering only uncomplexed -CD powders, amorphous 
-CD has a higher true density than crystalline -CD powder. This is probably due to differences in 
the MC between the amorphous and crystalline -CD powders, being about 5.21 and 9.95% (dry 
basis), respectively. True density of food products decreases with an increase of MC (Sablani and 
Ramaswamy, 2003). Moreover, it has been reported that the true densities of complex powders of 
piroxicam-β-CD complex depends on the method of complex preparation (e.g. spray-drying, freeze-
drying or co-grinding) (Carli and Chiesi, 1992). Therefore, dissimilarities in true densities among 
the samples could be due to differences in MC and CO2 concentration among these samples.  
 
Table 8.1: True density of -CD powder, silica gel and CaCl2 aw reduced CO2 complex powder. 
Sample True density (g/cm
3
) 
(*)
 
Amorphous -CD powder 1.521
a
 (±0.003) 
Crystalline -CD powder 1.506
b
 (±0.002) 
Silica gel-aw reduced complex powder  1.473
c
 (±0.002) 
CaCl2-aw reduced complex powder 1.436
d
 (±0.005) 
  (*) 
Different letters (a, b, c and d) indicate significant differences between samples (p < 0.05). 
 
8.3.5. Release properties of CO2--CD complex powders 
The previous results have shown that the dehydration by CaCl2 has a lesser effect on the CO2 
concentration of complexes than the effect of silica gel, thus complex powder treated with CaCl2 
desiccant was chosen for an investigation of the release properties under different conditions. Due 
to adsorption of water from surrounding environment of CaCl2, the caking at dry state was 
observed, especially at initial time of dehydration process. However, the intermittent mixing of the 
bag during dehydration process have broken the cakes formed. Moreover, the CaCl2 and the 
complex powder was separated by paper bag. Thus, caking of CaCl2 did not affect the dehydration 
process. 
The release rate of CO2 from complex powder is expressed as a release fraction X (-), which is the 
ratio of the amount of CO2 released at a certain time (t) to the initial CO2 concentration in the 
complex powder (t = 0). The initial CO2 concentration in CaCl2-aw reduced complex powder and 
wet CO2 powder was 0.63 ± 0.01 and 0.71 ± 0.02 mol CO2/mol -CD, respectively (n = 12). In 
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figures expressing the release rate of CO2 from complex powders, symbols are used to represent the 
experimental data, while lines denote the predicted values based on Avrami‟s equation.  
  
8.3.5.1. Release of CO2 from complex powders at various RH levels 
Release properties of CaCl2-aw reduced complex powder at different RH levels and methods of 
packaging (25
o
C) are illustrated in Figure 8.4. The release rate of CO2 from complex powder was 
significantly influenced by RH. An increase in RH markedly increased the release rate of CO2. Due 
to very low aw ( 0.212), CaCl2-aw reduced complex powder can act as hygroscopic material, 
thereby higher storage humidity results in a higher amount of water being adsorbed by the complex 
powder. The replacement of encapsulated CO2 by adsorbed water in the cavity of complex powders 
could be the main driving force for the release of encapsulated CO2 under the effects of RH (Ho, 
2013). A rapid release of CO2 was observed for complex powders kept at 75.32 and 97.30% RH, 
with more than 98% of the encapsulated CO2 being released after only 360 and 120 h of storage, 
respectively (Figure 8.4). At 32.73 and 52.86% RH, the release fraction measured after a 4-week 
period was approximately 0.72 and 0.92, respectively. It was reported in chapter 6 (Ho et al., 2016a) 
that at 75% RH (25
o
C) the release fraction of CO2 from wet CO2 powder was more than 0.95 after 
about 3 h. Thus, a comparison of the release properties of dry CO2 powder and wet CO2 powder at 
75% RH (25
o
C) suggested that the reduction of surface water by dehydration with CaCl2 markedly 
improved the stability of CO2 complex powder. Similar effects of RH on the release rate of gas 
from gas--CD complex powders have been reported by Ho (2013) and Neoh et al. (2006).  
 
 
 
 
 
 
 
 
 
 
 
Figure 8.4: Release profile of CaCl2-aw reduced CO2 powder at different relative humidity (RH) 
levels and packaging methods. Symbols represent the experimental data, while lines denote  
the predicted values based on Avrami‟s equation. 
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8.3.5.2. Release of CO2 from complex powder at different packaging conditions 
Interestingly, as shown in Figure 8.4, the removal of a large proportion of the air from the package 
headspace by normal or vacuum sealing, as a result of which moisture exchange between the 
complex powder and surrounding air is prevented, has a significant effect on the stability of the dry 
CO2 powder. In sealed packages, the CO2 concentration in the complex powder was observed to be 
almost unchanged during a 4-week period of storage, while there was no difference in CO2 
concentration in packages sealed using normal or vacuum conditions.  
 
8.3.5.3. Release of CO2 from complex powder in water and oil  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5: Release profile of CaCl2-aw reduced and wet CO2 powder in water (a and b) and  
oil (c and d) with different CO2 powder and liquid ratios (1 : 1, 1 : 5 and 1 : 10). CP: complex 
powder. Symbols represent the experimental data, while lines denote the predicted values based on 
Avrami‟s equation. 
 
  
192 
 
Chapter 8: Dehydration of complex powder by desiccant adsorption and its release properties 
The release properties of CO2 from wet and dry CO2 complex powders in liquid (water and oil) with 
different ratios (complex : liquid = 1 : 1; 1 : 5 and 1 : 10) at 75% RH and 25
o
C without stirring are 
shown in Figure 8.5. In liquids, especially in water, the erosion of CO2 complex powder is caused 
by its dissolution, followed by solubilization of the released CO2 into solution. Then, the released 
CO2 diffuses through the solution into the air. Thus, diffusion (which is affected by solubility of the 
complex powder, viscosity of solution or agitation of the mixture) has a great impact on the release 
rate of gas. Under the same conditions, the release rate of CO2 in oil was significantly slower than 
in water. The amount of oil added into the complex powder highly influenced the release rate of 
CO2. The more oil added the slower was the release rate of CO2 (Figures 8.5c & d). The reason is 
because oil has higher viscosity than water, leading to the prevention of the released CO2 molecules 
from escaping into the headspace. In addition, the structure of -CD molecules with a hydrophilic 
surface makes its complex powder less soluble in apolar liquids like oil. This slows down the 
fraction of coating material of complex powders, as result of which the release of encapsulated CO2 
is restricted when complex powders are dispersed into oil. In both wet and dry CO2 powders, 
complex powders were completely submerged into oil once they were mixed with oil, therefore the 
released CO2 molecules required a long time to travel through the highly viscous oil. However, a 
higher CO2 release rate was observed for wet CO2 powder when compared to dry CO2 powder 
under the same release conditions. This could be because of instability of the wet CO2 powder.  
 
The release rate constant (k), release parameter (n), half-life (t1/2), R
2
 and % MSE values for all 
release conditions are summarized in Table 8.2. Unlike the n value which expresses the release 
mechanism, the k value relates to the release rate, with higher k values being associated with faster 
release of gas. The results showed that the release characteristics (n and k values) of CO2 from 
complex powders showed considerably variability under different release conditions. For dry CO2 
powder, a very high release parameter (n = 2.458) was observed for the sample kept at 97.30% RH, 
suggesting that there was a rapid release with an induction period. At the other release conditions, 
the n value was less than or about 1, corresponding to the diffusive release characteristics or first-
order kinetics.   
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Table 8.2: Release rate constant (k), release parameter (n), half-life (t1/2), R
2
 and % MSE values of 
CO2 from wet and dry CO2 powders in different conditions based on Avrami‟s equation at 75% RH 
and 25
o
C. 
Release condition 
Constant 
(*)
 
R
2
 % MSE 
n (-) k (h
-1
) t1/2 (h) 
H2O 
CaCl2-aw reduced 
CO2 powder 
1 CP : 1.0 H2O 0.629 0.669 1.06 0.9973 0.0218 
1 CP : 5.0 H2O 0.694 0.712 0.96 0.9903 0.0815 
1 CP : 10 H2O 0.610 0.643 1.13 0.9922 0.0218 
Wet CO2 powder 
1 CP : 1.0 H2O 0.654 1.981 0.20 0.9707 0.1497 
1 CP : 5.0 H2O 0.511 0.546 1.59 0.9929 0.0390 
1 CP : 10 H2O 0.473 0.481 2.17 0.9922 0.0436 
Oil 
CaCl2-aw reduced 
CO2 powder 
1 CP : 1.0 Oil 0.615 0.022 277.80 0.9988 0.0013 
1 CP : 5.0 Oil 0.944 0.002 404.96 0.9950 0.0020 
1 CP : 10 Oil 0.994 0.001 697.41 0.9987 0.0002 
Wet CO2 powder 
1 CP : 1.0 Oil 0.773 0.050 30.16 0.9934 0.0582 
1 CP : 5.0 Oil 1.068 0.003 151.87 0.9975 0.0042 
1 CP : 10 Oil 1.186 0.001 381.95 0.9983 0.0004 
RH levels 
CaCl2-aw reduced 
CO2 powder 
33.73% RH 0.358 0.115 151.37 0.9902 0.0248 
52.86% RH 0.403 0.134 58.76 0.9634 0.1461 
75.32% RH 0.720 0.078 20.71 0.9886 0.0814 
97.30% RH 2.458 0.013 5.06 0.9856 0.0651 
Packaging 
CaCl2-aw reduced 
CO2 powder 
Normal seal n/a
(**)
 n/a
(**)
 n/a
(**)
 n/a
(**)
 n/a
(**)
 
Vacuum seal n/a
(**)
 n/a
(**)
 n/a
(**)
 n/a
(**)
 n/a
(**)
 
(*) 
The constants were optimized using Excel Solver to maximize R
2
 values; 
(**)
 n/a: not available, CP: complex powder, 
% MSE: percentage of mean square error.  
 
As stated in a previous study (chapter 6, Ho et al., 2016a), at 75% RH (25
o
C), wet CO2 powder is 
not very stable and its t1/2 was about 0.52 h. The addition of water into wet CO2 powder with a ratio 
of 1 : 1,  as a result of which the slow diffusion of water into the complex powder was clearly 
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observed, accelerated the release rate of CO2 and consequently reduced the t1/2 value to 0.20 h 
(Table 8.2). This reflected the dissolution of the coating material (-CD powder) into the added 
water, destroying the structure of complex powder, as a result of which the CO2 molecules were 
facilitated in their escape from complex powder. However, an increase in the amount of added 
water to five times higher than that in the wet CO2 powder (complex : H2O = 1 : 5 and 1 : 10) 
markedly reduced the release rate of CO2, with t1/2 being 1.59 and 2.17 h, respectively. In these 
cases, the high level of surface water (aw > 0.954) caused the wet CO2 powder to be immediately 
submerged into the added water and consequently the released CO2 molecules were entrapped in the 
bulk of the water, leading to a decline in the release rate of CO2 into headspace (Figure 8.5b).  
 
In contrast, there were almost no difference in the dynamics of the CO2 release from dry CO2 
powder to which water was added at three different ratios (Figure 8.5a) with a similar t1/2 value for 
three ratios of about 1 h. Very low water levels on the surface of the powder particles (aw < 0.225) 
caused the dry CO2 powder to float on the surface of added water at complex : H2O ratios of 1 : 5 
and 1 : 10. Hence, for high ratios of water, the CO2 molecules escaped easily from the complex 
powder into the headspace, resulting in a faster CO2 release rate from dry CO2 powder than from 
wet CO2 powder.  
 
8.4. CONCLUSION 
Dehydration of CO2 complex powder using CaCl2 and silica gel desiccants noticeably affected aw 
and CO2 concentration of the powder. Under the same desiccation conditions, CaCl2 showed a 
much higher extent of aw reduction than silica gel. The analytical results of SEM, X-ray, DSC, 
FTIR and 
13
C NMR indicated that the desiccation of CO2 complex powder by both CaCl2 and silica 
gel did not affect its physical properties. However, the desiccation caused the loss of between 10 
and 50% of the CO2 in the complex powder, with a higher level of CO2 loss for silica gel. After 
being desiccated, the stability of the complex powder was significantly improved and its release 
properties were dependent on the surrounding environment to which complex powder was exposed. 
An increase in RH level markedly increased the release rate of CO2. However, when the powder 
was kept in airtight packages using normal or vacuum sealing to prevent contact of the powder with 
humid air, the  CO2 content in complex powder remained almost unchanged during a 4-week period 
of storage. In addition, due to the dissolution of the complex coating material (-CD) into water, the 
release rate of CO2 from the complex powder in water was faster than in oil. In conclusion, the 
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release of CO2 from desiccated complex powder can be modified for a particular application, 
depending on the release stimulating factors. 
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Chapter 9 
An Innovative Method to Extend the Shelf-Life of Cottage Cheese 
Curds Using CO2--Cyclodextrin Complex Powder:  
A Preliminary Study 
(*) 
 
ABSTRACT  
This study investigated the potential use of food-grade CO2--cyclodextrin complex powder in 
cottage cheese to hinder the growth of naturally contaminated mould and yeast, to mimic the 
conditions that exist at the consumers end. The powder was directly mixed into the cheese curds 
prior to packaging to achieve different CO2 concentrations (0, 300, 600 and 900 ppm or mg CO2/kg 
curd) in the curds, followed by storing the samples at 7 and 25
o
C. The growth of mould and yeast 
was observed periodically during storage. The sample containers were opened to expose them to air 
for 15-20 min every week over a 6-week period of storage to cause an air-borne contamination. The 
results showed the growth of mould and yeast was significantly inhibited without affecting the pH 
and moisture content of the curd. At 25
o
C, mould growth occurred in the control samples (0 ppm 
CO2) at day 5 while samples with 300, 600 and 900 ppm CO2 were spoiled at day 8, 9 and 10, 
respectively. Storage at 7
o
C showed a greater effect in the prevention of growth of mould and yeast. 
At this temperature, there was no mould and yeast observed in all samples at the end of the 6-week 
period, the only exception being for the control which was spoiled at day 30. The analytical results 
of the CO2 concentration in the headspace and in the curds indicated that a large proportion of CO2 
released from the complex powder was distributed throughout the cheese curds.  
 
Keywords: cottage cheese curd, shelf-life, spoilage microorganism, mould and yeast, CO2 complex 
powder. 
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9.1. INTRODUCTION 
Cottage cheese, an unripened and soft cheese, is a product of the coagulation of milk caseins 
(pasteurized skim milk or reconstituted low-heat non-fat milk powder) at or near their isolectric pH 
(pH = 4.6) by lactic acid producing bacteria or food-grade acids (Clark and Potter, 2007). It can be 
consumed in forms of dry curds or blended cottage cheese in which a cream dressing together with 
fruits, nuts or vegetables is sometimes added into the dry curds. In relation to nutritional 
considerations, cottage cheese is well recognized as being a healthy food because of its low energy 
density, supplying less than 418.40 kJ/100g, high protein content (10%, w/w), low fat content (1-
4%, w/w), and being a great source of vitamins (B2, B6 and B12) and minerals (calcium, 
phosphorous, zinc and folate) (Hill, 2012; USDA, 2016). However, it has a very short shelf-life. 
Under typical storage conditions (4-7
o
C), unopened fresh cottage cheese only lasts for 
approximately 3-4 weeks unless preservatives are added (Hayashi and Nauth, 2001). Cottage cheese 
is a favourite environment for the growth of many microorganisms, especially gram-negative 
psychrotrophic bacteria, yeast and mould (Johnson, 2001; Ledenbach and Marshall, 2010). The 
growth of these microorganisms is associated with the formation of a whitish or yellowish, thick, 
gelatinous and slimy film around each curd, the appearance of off-flavor, the decolouration of the 
cheese and formation of pigmented colonies, and even the production of mycotoxins during 
refrigerated (Farkye and Vedamuthu, 2002; Taniwaki et al., 2001).  
 
In order to extend the shelf-life of cottage cheese, many methods have been investigated, including 
the use of food-grade preservatives (sorbic acid or potassium sorbate), bacteriocins (nisin, 
pimaricin, microGARD
TM
, enterocin A or lacticin 3147), naturally occurring compounds 
(monolaurin, essential oils or thymol), antimicrobial packaging (allyl isothiocyanate sachet), heat 
treatment (irradiation and microware heating), lactoperoxidase systems, or modified atmosphere 
packaging (MAP) (Ho et al., 2016c). Among these methods, MAP is the most promising technique 
for preserving cottage cheese due to an increase of customer demand for fresh, high quality and 
preservative-free products. In MAP,  air in the package headspace is replaced by a fixed gas mixture 
which can be oxygen (O2), nitrogen (N2) and carbon dioxide (CO2) (Sivertsvik et al., 2002). Among 
these gases, CO2 is the most important gas in MAP, owing to its bacteriostatic properties.  
 
In MAP of cottage cheese, the most common approach for introducing the gas is flushing of the 
packaging headspace with 100%  CO2 gas or a gas mixture of CO2 with N2 (Dixon and Kell, 1989; 
Singh et al., 2012), by which the shelf-life of cottage cheese can be extended by up to 4-10 weeks 
(Maniar et al., 1994; Mannheim and Soffer, 1996; Moir et al., 1993). However, this approach 
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requires a substantial package headspace to act as a CO2 reservoir. A low rate of CO2 diffusivity 
throughout the product during the application could lead to microbial growth or quality depletion in 
the interior parts of the product. Moreover, the dissolution of CO2 into the product results in the 
collapse of the package, which could decrease the customer‟s interest.   
 
With the advance of a CO2 encapsulation technique using -CD powder (an accepted food additive 
by Food Standards Australia New Zealand) which has allowed the production of food-grade CO2 
complex powders having high stability and capacity (Ho et al., 2015b, 2016b; Ho et al., 2016d; 
Neoh et al., 2006; Pereva et al., 2015; Zeller and Kim, 2013),  an innovative and simple approach to 
introduce CO2 gas in modified atmosphere packaging (MAP) of cottage cheese can be applied. This 
can simply be done by mixing CO2 powder into the cottage cheese prior to packaging, by which the 
CO2 gas would be distributed throughout the product. During storage, due to effects of water in 
cottage cheese, the complex would be broken and CO2 would be slowly released from the complex. 
In this study, the potential applicability of CO2 complex powder to inhibit the growth of mould and 
yeast in cottage cheese curds was investigated by direct mixing of the cheese curds with CO2 
powder at different concentrations (0, 300, 600 and 900 ppm). These samples were stored at 7 and 
25
o
C, and were analysed every week for up to 6 weeks of storage.  
 
As mentioned above, many studies on MAP of cottage cheese using CO2 gas have proved that CO2 
gas can significantly extend the shelf-life of cottage cheese by 4-10 weeks without affecting the 
product texture and sensory quality, due to inhibition of CO2 on spoilage microorganism, especially 
mould and yeast (Chen and Hotchkiss, 1991, 1993; Hotchkiss et al., 2006; Moir et al., 1993). Thus, 
there is evidence of the control of yeast and mould growth from the use of CO2 under controlled 
conditions. The objective of this research was to investigate the use of the CO2 gas in the 
encapsulated powder form in the bulk product and observe how it can control the growth of yeast 
and mould in actual usage conditions, such as opening the container by the consumers, during 
which there would be natural airborne mould contamination of the product. This will provide 
information on the effectiveness of the use of the powder when introduced to the wholesome bulk 
product. It should be noted that during storage, contaminated mould growth can occur at  random 
positions on the surface of the product, therefore the sampling of a small quantity of samples from 
the large bulk sample for microbial quantification can potentially cause false negative results. 
Therefore, visual observation of the growth of microorganism was considered the best method to 
determine the growth of yeast and mould. This work followed a similar approach taken earlier by 
other researcher (Cheong et al., 2014). 
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9.2. MATERIALS AND METHODS 
9.2.1. Materials  
Fresh skimmed milk (99% free fat) was bought from a local Coles Supermarket, Australia. Freeze-
dried mesophilic culture (FD-DVS R-704) and rennet (CHY-MAX
®
 PLUS) were obtained from 
Chr Hansen® Company, Australia. Amorphous α-CD powder was produced by spray drying of a 
solution of crystalline α-CD powder (Wacker Chemicals Inc., Germany) following the method 
described in Chapter 3 (Ho et al., 2015a). All other chemicals used in this study were of analytical 
reagent grade. 
 
9.2.2. The production of CO2--CD complex powder 
The CO2--CD complex powder was prepared by following an innovative solid encapsulation 
technique reported in Chapter 8 (Ho et al., 2016a), using amorphous -CD powder. CO2 gas was 
pressurized into amorphous -CD powder initially mixed with water (15% MC, w.b.) at 0.4 MPa 
for 48 h, followed by dehydration using CaCl2 desiccant with a complex : desiccant ratio of 1 : 1 for 
72 h. The CO2 concentration in the complex powder was 0.5-0.6 mol CO2/mol -CD.  
 
9.2.3. The production of cottage cheese curds 
The curds of cottage cheese were produced by following the technique of Yasin and Shalaby (2013) 
with a slight modification. Fresh skimmed milk with the addition of 0.01% CaCl2 (w/v) was heated 
to 32
o
C in a water bath. Then, 0.205% (w/v) of freeze-dried mesophilic starter culture was added, 
mixed and left for 30 min (32
o
C). Rennet enzyme diluted with 15 volumes of distilled water (a 
mixture of 50 μL rennet and 750 μL distilled water was used for 1 L of skimmed milk) was added 
and mixed thoroughly. After that, the cheese milk was undisturbedly inoculated at 32
o
C until a pH 
of 4.6-4.7 was reached. As the milk proteins were coagulated into a gel-like structure, the curd was 
manually cut into pieces of approximately 1 cm
3
 using a stainless steel wire cutter, and then left to 
stand for 15-20 min. Cooking of the cut curds was performed through an increase of temperature up 
to 55-60
o
C over a period of 90-120 min. After that, the whey was drained off through a fine 
cheesecloth for 20 min. The curds were washed in warm water (40
o
C) and chilled water (4
o
C) with 
slight stirring before the curd was finally drained for 30 min.  
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9.2.4. Preservation of cottage cheese curds using CO2 complex powder 
About 50 g of cottage cheese curds was  weighed into  75 mL sterilized plastic containers (Sarstedt 
Pty Ltd., Australia). A predetermined amount of CO2 powder was mixed into the cheese curds so 
that the CO2 concentration in the cheese curds was 300, 600 and 900 ppm. Then the containers were 
tightly closed and kept at 25
o
C (an incubator) and 7
o
C (a refrigerator). Every week, a sample was 
withdrawn for analyses (moisture content, pH, dissolved CO2, headspace CO2 and mould and yeast 
observation) for up to 6 weeks of storage. In order to mimic the real conditions of cheese utilization, 
the containers were opened to expose them to air for 15-20 min after every week of storage. A 
second set of samples, which were not opened, was also prepared to observe the growth of mould 
and yeast.  
 
9.2.5. Determination of moisture content 
Moisture content was determined by using a vacuum drying oven;  4-5 g of samples were dried at 
70
o
C under vacuum (absolute pressure 80 kPa) until the mass change of samples between two 
consecutive measurements was less than 2 mg (within approximately 24 h).  
 
9.2.6. Determination of the cheese curd pH 
The pH of cottage cheese curds was determined using a handheld Aqua-pH meter (TPS Pyt Ltd, 
Australia). The meter was calibrated with buffers for each time of measurement.  
 
9.2.7. Determination of CO2 in the cheese curds 
The amount of CO2 in  the cheese curds during storage was measured using an acid-base titration 
method (Jakobsen and Bertelsen, 2004). This method employs 0.5 M H2SO4 to release the CO2 from 
2-4 g of curds which is then adsorbed by 0.1 M Ba(OH)2 solution. The amount of CO2 was 
determined by titration of the residual Ba(OH)2 with 0.1 M HCl solution using a phenolphthalein 
indicator.  
 
9.2.8. Determination of CO2 in the headspace 
The amount of CO2 in the headspace of the sample containers was determined using an infrared 
CO2 probe measuring system reported in Chapter 4 (Ho et al., 2016e) with a slight modification. 
About 1-3 mL of air in the headspace of the sample containers was withdrawn and injected into the 
CO2 measuring system (150 mL in volume). The headspace volume of a 75 mL container occupied 
by 50 g of cheese curds was determined to be 21.7 mL by using the true density value of the cheese 
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curd of 1.066 g/mL (measured by gas pycnometer, MVP-6DC, Scientific Solutions, Australia). This 
value is similar to the result reported by Dunkley and Patterson (1977) for cottage cheese dry curds 
(1.03-1.05 g/mL).  
 
9.2.9. Determination of mould and yeast growth 
The development of mould and yeast was qualitatively determined by visual observation every day 
during storage (Cheong et al., 2014): (-) no mould and yeast growth, (+) small mould and yeast 
mould spots, (++) moderate sized mould and yeast spots or patches, and (+++) mostly or 
completely covered by mould and yeast. Images of the samples were also taken for every week of 
storage.  
 
9.2.10. The design of the experiment and statistical analysis 
The experiments were performed following a completely randomized design with at least two 
replications and all measurements were repeated at least two times. The data were subject to 
analysis of variance (ANOVA) at significance level p = 0.05 using the Minitab® Released 16 
statistical programme (Minitab Co., USA). Tukey‟s multiple comparison test was employed to 
differentiate between mean values.  
 
9.3. RESULTS AND DISCUSSION 
9.3.1. The growth of mould and yeast 
The results of the visual observations of the mould and yeast development in the cottage cheese 
curds to which CO2 powder (0-900 ppm) was added, during storage at 7 and 25
o
C, are shown in 
Table 9.1 and Figure 9.1. The presence of fibrous colony structures, and spots or patches 
represented mould and yeast colonies, respectively. Separate observations for mould and yeast 
colonies were not considered in this work. Both types of colonies were present in the spoilt samples.  
 
At 25
o
C, mould and yeast occurred in the control samples (without CO2 powder) at day 5, while no 
mould and yeast growth was observed in the samples with 300, 600 and 900 ppm CO2 until day 8, 9 
and 10, respectively. All the sample containers were opened after every week of storage to expose 
them to air for between 15 and 20 minutes. Therefore, a large proportion of the CO2 was released 
and the remaining CO2 was insufficient to inhibit the mould and yeast. The 25
o
C temperature is 
quite favorable for the growth of mould and yeast. As a result, the spoilage of the samples with 300, 
600 and 900 ppm CO2 happened at a similar time (day 8, 9 and 10, respectively). This was 
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supported by the results observed in another similar set of treatments with the same CO2 
concentrations, but during which the sample containers were not opened during storage (Table 9.1). 
In this case, mould and yeast were not observed in the samples containing 600 and 900 ppm CO2 
over a 6-week period, while mould and yeast were detected in the controls and the 300 ppm CO2 
treatment at day 5 and 8, respectively. This illustrates that the concentration of 300 ppm CO2 is too 
low to inhibit the growth of mould and yeast at 25
o
C. This result is  comparable to the findings 
reported by Moir et al. (1993) in which an injection of CO2 gas into cream-style cottage cheese, and 
headspace flushing package at a concentration of 440 mg/kg, significantly increased its shelf-life 
without affecting the pH and flavor (5-15
o
C). 
 
The development of mould and yeast in the cheese curds kept at 7
o
C was inhibited to a much 
greater extent than at a storage temperature of 25
o
C. At 7
o
C, no signs of mould or yeast 
development were seen in the samples added with CO2 powder during a 6-week storage period. 
However, the controls were spoiled by mould and yeast by day 30 (Table 9.1). In a case in which 
the sample containers were tightly closed during storage period, the growth of mold and yeast in the 
control samples were inhibited up to day 33 and no mould and yeast were observed in the samples 
with CO2 powders until the end of storage period. These results indicated that the storage 
temperature greatly affected the growth of mould and yeast. The majority of spoiling mould and 
yeast found in cheese products are mesophilic species with an optimal temperature for growth 
ranging from 15 to 30
o
C (Da Silva et al., 2012), thus they develop at 25
o
C much faster than at 7
o
C. 
This result is in agreement with the findings of previous studies (Chen and Hotchkiss, 1993; 
Perveen et al., 2011) in which it was reported that low temperature was much more effective in 
extending the shelf-life of cheese than high temperature.  
 
During spoilage of cheese curds, several types of mould and yeast metabolize components in the 
curds to produce CO2 (Ledenbach and Marshall, 2010). The produced CO2, together with CO2 
released from the complex powders for the samples added with CO2 powder, suppressed further 
growth of mould and yeast. Therefore, mould and yeast on the surface of cheese curds of all spoiled 
samples generally did not expand (Figure 9.1).  
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Table 9.1: Growth of mould and yeast in the samples at different CO2 levels during storage. 
Sample  Storage period (week)
 (**)
 
Container cover 
Storage 
temperature (
o
C) 
CO2 (ppm) 
 
1 2 3 4 5 6 
Opened every 
week 
(*)
 
25 
0  + (5) ++ ++ ++ ++ ++ 
300  - + (8) + + + ++ 
600  - + (9) + + + ++ 
900  - + (10) + + + ++ 
7 
0  - - - - + (30) + 
300  - - - - - - 
600  - - - - - - 
900  - - - - - - 
Completely 
closed 
25 
0  + (5) ++ ++ ++ ++ ++ 
300  - + (8) + + + ++ 
600  - - - - - - 
900  - - - - - - 
7 
0  - - - - + (33) + 
300  - - - - - - 
600  - - - - - - 
900  - - - - - - 
(*) 
After each week of storage, the sample containers were opened to expose them to air for 15-20 min. 
(**)
 The growth of 
mould and yeast was visually determined and results were described as following: (−) no mould and yeast growth, (+) 
small mould and yeast mould spots, (++) moderate sized mould spots or patches, and (+++) mostly or completely 
covered by mould. The numbers in the brackets were the days when mould and yeast occurred on the cheese curd 
surface. The differences in these days between two replications were 1-2 days. 
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Figure 9.1: Images showing the growth of mould and yeast in the cottage cheese curds with or 
without adding CO2 complex powders and kept at 25 and 7
o
C. These images were taken at every 
week of storage. The mould and yeast growth is seen as pink or dark/greenish spots on the surface 
of the cheese. 
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9.3.2. The changes of CO2 concentration in the cheese curds and in the container headspace  
 
 
 
 
 
 
 
 
Figure 9.2: The changes of CO2 amount released in the container headspace (a) and in the cheese 
curds (b) during storage.  
 
The alteration of CO2 amount released into the container headspace and in the cheese curds during 
storage is illustrated in Figure 9.2. Due to effects of water content of the cheese curds (81.96% 
MC), the complex powder was gradually disrupted, and consequently CO2 was slowly released 
from the complex powder and diffused throughout the cheese curds (Ho et al., 2016a). During 
storage, the amount of CO2 measured in the headspace and in the cheese curds declined at different 
rates depending on initial amount of CO2 gas in the products. This is because the sample containers 
were periodically opened, resulting in a loss of CO2. At 25
o
C, due to spoilage of the products (the 
first week for control samples and the second week for samples with CO2 powder), the data shown 
in Figure 9.2 were highly fluctuated, even a relatively high amount of CO2 was detected in the 
headspace and the cheese curds of control samples. On the contrary, at 7
o
C almost no CO2 was 
measured in the headspace of control samples until they were spoiled at week 5 (Figure 2a), but 
small amount of CO2 was determined in the curds, which could be the effects of CO2 in the 
atmosphere during performing acid-base titration analysis. According to Mitsuda et al. (1975), 
under the CO2 atmosphere, proteins (such as casein, egg albumin, hemoglobin or gluten) in solid 
state can adsorb CO2 gas (e.g. 662 μL/ g of dried casein) through a large contribution of physical 
interactions (hydrophobic interactions) and a smaller contribution of chemisorption. This could be 
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the reason for the remaining of CO2 gas in the cheese curds after the cheese containers were opened 
at every week of storage.  
 
 
 
 
 
 
 
 
 
Figure 9.3: Correlation of CO2 amount released in the container headspace and in the cheese curds 
during storage at 7
o
C. 
 
A correlation between the amount of CO2 in the container headspace and in the cheese curds of 
samples containing CO2 powders stored at 7
o
C in Figure 9.3 indicated that there was a relatively 
high correlation with R
2
 = 0.8531. Due to early spoilage of the products stored at 25
o
C, their data 
were purposely omitted. 
 
9.3.3. Changes of moisture content and pH of cheese curds during storage 
The changes of moisture content (MC) and pH of the cheese curds during storage are shown in 
Figure 4. The addition of CO2 complex powders into the cheese curds led to addition of 
cyclodextrin solids in the product, resulting in a decrease of MC by 1-3% due to water adsorption of 
the complex powders. It has been reported that during storage at low temperature, MC of soft 
cheeses (cottage and cream cheeses) significantly reduced due to cheese spoilage caused by 
microbial growth (Makhal et al., 2014; Perveen et al., 2011). However, in this study, MC of the 
cheese curds were fluctuated, but almost unchanged during storage regardless to CO2 concentration 
and temperature. This might be because growth of spoiled microorganisms is not sufficient to cause 
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any changes in MC due to the inhibition of CO2 gas (released from the CO2 complex powder or 
produced by microorganisms during storage period).  
 
 
 
 
 
 
 
 
Figure 9.4: The changes of moisture content (a) and pH (b) of the cheese curds at different levels of 
CO2 during storage. 
 
Regarding pH, the addition of CO2 powder did not affected the pH of the cheese curd at 0 day and 
during storage pH of all samples kept at 25
o
C markedly declined while that of all samples kept at 
7
o
C were almost identical and unchanged. The pH decrease of samples kept at 25
o
C was possibly 
caused by production of lactic acid and other organic acids by the starter lactobacilli which results 
in an increase in cheese acidity (Mannheim and Soffer, 1996). This result is similar to the finding of 
Perveen et al. (2011) in which it was reported that a pH decline of cream cheese stored at room 
temperature was caused by lactose fermentation. A very high deviation in measured pH values of 
samples stored at 25
o
C, especially after week 2 of storage is due to spoilage of the products which 
are likely caused by a variety of microorganisms. The consistency of pH of samples kept at 7
o
C 
indicated that addition of CO2 complex powder into the cheese curd up to 900 ppm almost did not 
affect its pH. The reasons are probably because the spoilage of the product are prevented.  
 
9.3. CONCLUSION 
This study evaluated the new approach of introducing CO2 gas into cottage cheese curds to prevent 
the growth of main spoilage microorganisms (mould and yeast) during storage. The results showed 
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that due to presence of water in the cheese curds, CO2 gas from the complex powder was slowly 
released and solubilized into the curds and diffused in the container headspace, resulting in the 
noticeable inhibition of mould and yeast growth. When the samples were exposed to air, the control 
samples were spoiled at day 5 and day 30 of storage at 25 and 7
o
C, respectively while at 
concentration of 300, 600 and 900 ppm CO2 there was no sign of mould and yeast growth until day 
10, at 25
o
C and up to 6 week at 7
o
C. Further work on effect of addition CO2 complex powder on the 
product quality (texture or sensory quality) and identification of spoiled microorganisms can be 
considered.  
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Chapter 10 
General Conclusions and Recommendations 
 
 
10.1. GENERAL CONCLUSIONS 
The project developed an innovative method known as solid encapsulation to produce food-grade 
CO2 containing powder via a molecular encapsulation technique using amorphous α-CD powder 
produced by spray drying. This method involved direct compression of CO2 gas into amorphous α-
CD powder (in solid state), to which water was initially added to increase its MC to a level to 
initiate the crystallization of α-CD, followed by dehydration of the formed complex powders by 
water adsorption using CaCl2 absorbent. The investigated approaches addressed the limitations of 
the conventional methods in relation to yield, encapsulation time and inclusion complex stability.   
 
For the purpose of application of CO2 powder in food production (e.g. extending the shelf-life of 
cottage cheese curds in this study), α-CD powder is the most suitable matrix among all currently 
known matrices. The characteristics and gas adsorption (or encapsulation) capacity and mechanism 
of known solid matrices, as well as potential applications of resultant complex powders in various 
fields, have been described in a review article published in Powder Technology (vol. 259, 2014, p. 
87-108).  
 
Alpha-CD powder can exist in amorphous and crystalline structure depending on the molecular 
arrangement, and the structure of α-CD powder has a major effect on encapsulation capacity and the 
stability of the complex in solid encapsulation. Commercial α-CD powder is only found in 
crystalline form with a highly ordered molecular arrangement, which prevents diffusion and 
complexation of CO2 gas into its cavity, while amorphous powder will not have such restrictions 
due to its open structure at molecular level. The differences in properties of amorphous and 
crystalline powders, the importance of amorphous powders in food production, the approaches to 
induce phase transition of solid materials and the solid-state analytical techniques to characterize 
powder structure, have been discussed in a recently published book chapter (chapter 5, 2016, p. 
111-136, in “Non-Equilibrium States and Glass Transitions in Foods, Processing Effects and 
Product-Specific Implications edited by Bhandari, B. R. and Yrjö R.), and a review article in 
Bioscience, Biotechnology, and Biochemistry (vol. 81, issue 4, p. 651-671).  
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Characterisation of spray dried amorphous a-CD powder: 
Due to limited information on the properties of α-CD powder, especially the amorphous structure, 
the project started with the characterization of the physical properties of spray-dried and crystalline 
α-CD powders in terms of molecular structure and water adsorption behavior (chapter 3), both of 
which provide essential information necessary to investigate the CO2 encapsulation processes. The 
analytical results of SEM, X-ray, FTIR, DSC, particle size distribution, TGA and 
13
C ss-NMR, 
revealed the amorphous structure of spray-dried α-CD powder. These techniques allowed the 
differentiation, of the structure of amorphous and crystalline α-CD powders. The DSC thermogram 
of crystalline α-CD powder samples scanned with open pan showed several endothermic peaks, 
while that of amorphous α-CD powder displayed a big endothermic hump. For each type of carbon 
on the 13C NMR spectra, amorphous α-CD showed broader spectral characteristics, but several 
peaks were observed for crystalline α-CD. In the investigation of water adsorption behavior at 
different RH levels, amorphous α-CD powder adsorbed a significantly higher amount of water than 
its crystalline counterpart, prior to its crystallization. When stored at equilibrium RHs > 65%, 
corresponding to 13.70-14.96 g moisture/100 g of dry solids (known as critical MC), the amorphous 
α-CD powder particles showed aggregation due to crystallization. Water adsorption data of 
amorphous α-CD powders were well fitted with the BET model (aw < 0.52), but were less well 
fitted with the GAB model (aw = 0.11-0.97), mainly due to structural changes (crystallization) at 
higher humidity. The determination of Tg and critical MC allowed provided the understanding that 
the phase transformation during storage of amorphous α-CD powder can occur by keeping the 
powder in a RH environment above 65%, or reducing the Tg temperature through the addition of 
water to a level higher than critical MC. The results of this study have been published in a research 
paper in Powder Technology (vol. 284, 2015, p. 585-594). 
 
Development of a simple method to determine CO2 content and release properties of complex 
powder: 
The use of reported methods (e.g. gas chromatography, acid-base titration, thermal analysis-mass 
spectrometry hyphenation or foam rising method) to quantify the amount of CO2 gas encapsulated 
into α-CD powder has several limitations, including complexities in sample preparation and/or in 
equipment operation and high cost of the equipment system. Therefore, a simple and cost-effective 
method to quantify the CO2 concentration in complex powders using a infra-red CO2 probe was 
developed and validated (chapter 4). This system included a two-fan system installed inside an air-
tight chamber to circulate CO2 thoroughly in the headspace, an infra-red CO2 probe and additional 
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accessories (water injection and magnetic stirring systems) to assist with the complete release of 
CO2 from complex powders into the headspace. In order to validate the system, dry ice was used to 
create different CO2 concentrations in the headspace. The results measured by the system were 
quite similar to those determined by GC, and the amount of CO2 calculated from the CO2 probe was 
highly comparable to the amount of dry ice initially added into the system. Due to water solubility 
of coating matrix (α-CD), the addition of water with a complex powder : H2O ratio of 1 : 2, 
followed by stirring the solution for about 45 min, allowed the CO2 to be released completely from 
complex powder into the headspace. This was confirmed by the analytical results of 
13
C NMR, 
FTIR and GC. The results measured using this system and the conventional acid-base titration 
method were highly comparable. Therefore, this new system was used to measure the CO2 
encapsulation capacity of α-CD powders in the following research. The results of this study have 
been published in a research paper in International Journal of Food Properties (vol. 19, issue 8, 
2016, p. 1696-1707). 
 
Complexation of CO2 and characterization of complex powders:  
In the third part of the project (chapter 5), the CO2 encapsulation capacity of amorphous spray-dried 
(5.22% MC, w.b.) and crystalline (9.07% MC, w.b.) α-CD powders via solid encapsulation 
technique under various levels of pressure (0.4-1.6 MPa) and time (0-96 h) were investigated. With 
the opening of the molecular structure, amorphous α-CD powders encapsulated much more gas than 
crystalline ones at low pressure and over short periods of time, requiring only about 8 h to reach a 
nearly equilibrium encapsulation capacity. At 0.4 MPa for 8 h, CO2 encapsulation capacity of 
amorphous α-CD powder was about 0.60 mol CO2/mol α-CD, nearly ten times more than that of 
crystalline α-CD powder (0.05 mol CO2/mol α-CD). However, an increase in pressure and 
prolongation of time markedly improved the CO2 encapsulation capacity of crystalline α-CD 
powder. Within the complexing conditions investigated, the highest encapsulation capacity of 
crystalline α-CD powder was 1.45 mol CO2/mol α-CD (1.6 MPa for 48 h), while that of amorphous 
powder with just about 0.98 mol CO2/mol α-CD for the same conditions. The formation of CO2 
complex powder was well confirmed by the appearance of a peak representing CO2 gas on the FTIR 
(2334 cm
-1
) and 
13
C NMR (125.3 ppm) spectra. The analytical results of SEM, X-ray and thermal 
analyses (DSC and TGA), indicated that structure of complex powders was identical to that of the 
α-CD powder (amorphous or crystalline) used to encapsulate CO2 gas. At 75% RH and 25
o
C, it 
took only one hour for the complex powders prepared from amorphous α-CD to almost completely 
release the encapsulated CO2, while those prepared from crystalline forms were much more stable 
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and took at least 24 h to release nearly all the encapsulated CO2. The results of this study have been 
published in a research paper in Food Chemistry (vol. 259, 2015, p. 87-108). 
 
Improving the stability of amorphous CO2--CD complex powder by crystallization: 
The complex powders produced from both amorphous (5.22% MC, w.b.) and crystalline (9.07% 
MC, w.b.) α-CD powders by solid encapsulation were unstable, especially those prepared from 
amorphous α-CD powder. The penetration of CO2 into the cavity of α-CD in solid state does not 
result in any change in its structure, and there is no mechanism to prevent the encapsulated CO2 
from escaping under depressurization. It has been reported that the simultaneous occurrence of 
crystallization and encapsulation in the liquid encapsulation approach will lead to an increase in the 
stability of of the complex powder.  Therefore, an assumption was made that if the complex powder 
prepared from amorphous α-CD via the solid method is crystallized during the encapsulation 
process, the encapsulation capacity and stability of complexes can be improved. In a previous part 
of the project (chapter 3), it was found that increasing the moisture content of amorphous α-CD 
powder up to about 14% MC (w.b.) results in amorphous-crystalline phase transformation. In the 
next parts of the project (chapters 6 and 7), the effects of different initial MC levels (13, 15 and 
17% MC, w.b.) of amorphous α-CD powder on CO2 encapsulation were studied and compared to 
that of crystalline α-CD powder. The results showed that the water-induced crystallization of 
amorphous α-CD powder during the encapsulation process markedly increased its encapsulation 
capacity up to 1.1-1.2 mol CO2/mol α-CD (13-15% MC, 1.0-1.6 MPa and t > 48 h). This capacity 
was considerably higher than that of amorphous α-CD powder without adding water (5.22% MC, 
w.b.), and of crystalline α-CD powder under the same conditions. At 17% MC (w.b.), because the 
crystallization of amorphous α-CD powder happened rapidly and excess water accumulated on the 
surface of formed crystals, the encapsulation capacity of amorphous α-CD powder at this MC level 
was lowest. Similarly, due to the accumulation of water on the particle surface, which may prevent 
CO2 from complexation and provoke gas release immediately upon depressurization, an increase in 
the initial MC of crystalline α-CD powder reduced its encapsulation capacity. The crystallization of 
amorphous α-CD powder during encapsulation were illustrated by the results of SEM, X-ray, 
polarized light microscope, DSC, FTIR, 13C NMR analyses. During crystallization, α-CD molecules 
were arranged into a cage-type structure in which an α-CD molecule is blocked at both ends by 
surrounding α-CD molecules by which CO2 was entrapped in isolated cavity. Therefore, the 
stability of complex powder prepared from amorphous α-CD powder at these levels of MC was 
markedly higher than that produced from crystalline α-CD powder in which CO2 seems to also be 
adsorbed onto the surface of the crystal structure. Further investigation revealed that due to water 
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exclusion during crystallization and encapsulation, the quantity of water on the particle surface is 
too high to make the complex powder sufficiently stable for actual application. The surface of the 
complex powder particle was nearly saturated by water (aw > 0.945) and half-time (75% RH, 25
oC) 
of the most stable complex powder was only 0.52 h. Therefore, the reduction of water on the 
surface of complex powder particles could be a potential way to improve its stability. The results of 
these studies have been published as research papers in Food Chemistry (vol. 203, 2016, p. 348-355 
and vol. 206, 2016, p. 92-101). 
 
Dehydration of crystallised complex powder and release property:  
In the next part of the research conducted (chapter 8), the dehydration of complex powders by water 
adsorption using silica gel and CaCl2 desiccants, and the release properties of desiccated complex 
powders at different RH levels, liquid medium (water and oil) and packaging forms (normal and 
vacuum) were investigated. Desiccant adsorption (25
o
C) was performed by storage of the complex 
powder and silica gel or CaCl2 (mixed and kept in a paper bag) with a ratio of 1 : 1 in an airtight 
package. CaCl2 adsorbed water on the surface of the complex powder much faster than silica gel, 
especially at the initial time of desiccation. However, after being equilibrated for 60 h, the aw of 
complex powder treated with both silica gel and CaCl2 had nearly equilibrated at 0.247 and 0.225, 
respectively. Although the removal of the surface water by silica gel and CaCl2 did not affect the 
physical properties of complex powder, desiccation with silica gel resulted in about a half of 
encapsulated CO2 being lost, which was 3 times greater than the CO2 loss caused by the use of 
CaCl2. Dehydration of the complex powder by desiccant adsorption significantly improved its 
stability, as a result of which the CO2 concentration of the desiccated complex powder remained  
unchanged during a one month storage period when it was kept in an airtight package (with normal 
and vacuum sealing). Moreover, the release rate of CO2 from the desiccated complex powders can 
be modulated by alteration of the surrounding RH and liquid environment in which the complex 
powder is dispersed. The results of this study have been published as a research paper in Journal of 
Microencapsulation (vol. 33, issue 8, 2016, p. 763-772).  
 
In summary, based on the results of the investigation in the project, the detail of the procedure to 
produce a stable CO2 complex powder is presented in Figure 10.1. The final complex powder 
contained 0.5-0.6 mol CO2/mol -CD, which is high enough for many applications in food 
production.   
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Figure 10.1: The procedure for producing CO2 complex powder via solid encapsulation. 
 
Potential application: a case study for extending the shelf-life of cottage cheese 
For cottage cheese curd preservation, mixing CO2 powder with the curds prior to packaging, by 
which CO2 can be distributed throughout the product and slow release the CO2 under the effects of 
water content in the product, could be considered as an innovative idea to extend the shelf-life of 
cottage cheese curds. This technique would address the shortcomings of the reported methods for 
extending the cottage cheese shelf-life. The methods described in the literature have been discussed 
in a review article published in International Journal of Dairy Technology (vol. 69, issue 3, 2016, p. 
313-327). Several parts of this publication are closely related to the project presented in chapter 2. 
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In the last part of the research (chapter 9), the potential application of the CO2 complex powder to 
inhibit the development of mould and yeast in the cottage cheese curds was tested under  
uncontrolled natural consumer‟s conditions that provokes the contamination and growth of these 
microbes. In this part, a predetermined amount of the complex powder was mixed with the cheese 
curds prior to packing so that CO2 concentrations in the curds were 0, 300, 600 and 900 ppm (mg 
CO2/kg curd). These samples were kept at 7 and 25
o
C for up to 6 weeks of storage and the sample 
containers were opened for 15-20 min every week. During the storage period, the appearance of 
mould and yeast, changes in pH, moisture content, and CO2 concentration in the curds and the 
container headspace, were evaluated. The results showed that the mould and yeast were clearly 
observed in the control samples (0 ppm CO2) at day 5 (25
o
C) and day 30 (7
o
C), while for the 
samples to which CO2 powder was added, the mould and yeast occurred much later. At 25
o
C, 
mould and yeast grew on the samples with 300, 600 and 900 ppm CO2 at day 8, 9 and 10, 
respectively, but no mould and yeast were observed on the samples containing 300, 600 and 900 
ppm CO2 for up to 6 weeks of storage at 7
o
C. At 7
o
C, pH and MC remained almost unchanged 
during storage, while CO2 concentration was reduced significantly, possible due to partial CO2 loss 
as a result of opening the sample containers every week of storage. For the sample containers which 
were tightly closed during storage, the control samples were spoiled at day 5 at 25
o
C storage and 
day 33 at 7
o
C storage, while there were no mould or yeast observed on the samples with the added 
CO2 powder, except for the one with 300 ppm CO2 kept at 25
o
C which was spoiled at day 8. The 
results of this study have been submitted as a research paper to the Journal of Food Processing and 
Preservation. 
 
Contributions of the research results to new knowledge 
An innovation of this study is the demonstration of an application of spray drying to induce 
completely crystalline-amorphous structural transformation of -CD powder as well as advantages 
of the use of the amorphous -CD powder in molecular encapsulation of gases over the crystalline 
counterpart. Although there is a few research on gas encapsulation using -CD powders, this study 
is a unique investigation of the effects of material state (amorphous vs. crystalline) and initial 
moisture content of -CD powders on CO2 encapsulation capacity and resultant complex stability. 
In encapsulation, one of major problems is the production of the stable complex powders with low 
moisture content, thus drying process is typically applied to reduce moisture content of the complex 
powder. This results in an increase of production cost and complexity of production process. All 
these problems have been addressed in this study. An innovative approach of molecular 
encapsulation of gases, which is quite simple and allows to produce the complex powder with a low 
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moisture content, a very high yield and a high encapsulation capacity, was developed using 
amorphous -CD powder. This encapsulation technique can be applied for the formation of 
inclusion complex using CD powders and functional food compounds.  
 
10.2. RECOMMENDATIONS FOR FURTHER RESEARCH 
In this project, amorphous -CD powder was produced by spray drying of a 10% (w/v) -CD 
solution. This concentration is relatively low for actual applications where a large amount of 
amorphous -CD powder is required. It has been reported that water solubility of -CD powder 
increases with increasing storage temperature. At 25
o
C, water solubility of -CD powders is about 
14.5g/100 mL, but it increases to approximately 35% (w/v) at 50
o
C. However, in spray drying the 
changes in the concentration and temperature of the feed solution can markedly affect the properties 
of the powder. Therefore, it is necessary to further investigate the properties of amorphous -CD 
powder produced by spray drying of higher concentrations of α-CD solution, so that a large amount 
of amorphous powder can be produced in a short time for economic reasons. 
 
The gas encapsulation capacity can be significantly enhanced by controlling the temperature and 
pressure conditions. In this study, the formation of complexes was performed at moderate pressure 
(less than 2.0 MPa) and normal temperature (25
o
C). The CO2 encapsulation capacity from both 
crystalline and amorphous -CD powders was well below the theoretical value (approximately to 2 
mol CO2/mol -CD powder, or even higher if crystals of the complexes are stacked in a channel-
type structure). This condition is quite far from the supercritical point of CO2 (7.38 MPa and 
31.1
o
C) in which CO2 has properties of both liquid (density) and gas (viscosity and diffusivity) 
states. Further studies on complexation at supercritical conditions should be carried out to maximize 
the encapsulation capacity. Moreover, it was found in this study that during the crystallization of 
amorphous CO2 complex powder, the formed crystals were arranged into a cage-type structure in 
which both sides an α-CD molecule are blocked by adjacent α-CD molecules, as a result of  which 
CO2 gas molecules are entrapped in isolated cavities. The supercritical conditions of CO2 possibly 
distort the crystal packing of CO2 complex powder into channel types, in which the cavities of the 
α-CD molecules were aligned like coins in a roll to produce very long channels in which the CO2 
molecules are entrapped. This type of crystal packing could help to increase the CO2 encapsulation 
capacity and stability of the complex. 
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For applications of the CO2 complex powder in food production, this study showed that mixing the 
CO2 complex powder into cottage cheese curds before packing markedly inhibited the growth of 
mould and yeast during storage. The effects of the addition of the complex powders into the cheese 
curds on the product quality (e.g. texture and sensory), and the potential development of other types 
of microorganisms, requires further investigation. Moreover, there are many other potential 
applications of CO2 complex powders in food production need to be investigated (instead of the use 
of CO2 gas in pressurized cylinders). These other areas for potential further investigation include:  
(1) the prevention of spoilage microorganism growth in other soft cheeses (cream or ricotta) during 
storage; (2) the production of sparkling drinks by simple mixing of CO2 powder and cold water in 
an airtight condition in which the  CO2 released is dissolved into water. Moreover, CO2 complex 
powder can be used as a water soluble foamer. For some food products such as whipped cream, 
milk shakes or cappuccino-type beverages, the foaming texture has a great impact on consumer 
preference.  The foam is conventionally created either by mechanical means, such as whipping, 
injection, agitation or bubbling, or by supersaturating the liquid with gas. The preparation of the 
foaming food products using these conventional methods, especially for instant coffee beverages, 
requires specialized equipment and is time-consuming. There is an increasing demand for instant 
alternatives in the form of what is known as “water soluble foaming powder”. 
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A. Three equations used to calculate pressure produced by dry ice (Chapter 4) 
Three equations used to calculate pressure produced by dry ice were presented as following.  
1). Equation 4.1 (Ideal gas law):  
PV = nRT                                                                  (eq. 4.1) 
Where P is pressure (bar), V is volume of container (cm
3
), n is mole of CO2, T is absolute 
temperature (K), R is gas constant (83.14467 cm
3
 bar (K mol)
-1
). 
 
2. Equation 4.2 (Equation of CO2 state reported by Duan and Zhang, 2006): 
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; R = 83.14467 cm3 bar (K mol)-1; V‟ is specific volume (cm3/mol); Tc and Pc are the 
critical temperature and pressure, respectively (For CO2, Tc = 304.1282 K and Pc = 73.773 bar). The 
parameters α, α1, α2,…. α12, β and γ were taken from Table A.1. 
 
3. Equation 4.3 (Equation of CO2 state reported by Pivovarov, 2013): 
         * +   −    ( +   ) −    * − (  ) )    (−(  ) )+ +    +    (   4 3) 
Where R is gas constant (83.14467 cm
3
 bar (K mol)
-1
), T is absolute temperature (K), m is molarity 
of gas (mol per cm
3), A, B, β, C, D are model parameters (with q = 298.15/T). 
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  0 030447     ( + 6 0 5    )  +  0 007 43     ;   0 0 6       ;   0 0006 996  
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Table A.1: Parameters for equation of CO2 state (eq. 4.2, Chapter 4). 
  
Pressure range Parameters CO2 
0-0.2 GPa 













γ
1.14400435E-01 
-9.38526684E-01 
7.21857006E-01 
8.81072902E-03 
6.36473911E-02 
-7.70822213E-02 
9.01506064E-04 
-6.81834166E-03 
7.32364258E-03 
-1.10288237E-04 
1.26524193E-03 
-1.49730823E-03 
7.81940730E-03 
-4.22918013E+00 
1.58500000E-01 
0.2-10.0 GPa 













γ
5.72573440E-03 
7.94836769E+00 
-3.84236281E+01 
3.71600369E-02 
-1.92888994E+00 
6.64254770E+00 
-7.02203950E-06 
1.77093234E-02 
-4.81892026E-02 
3.88344869E-06 
-5.54833167E-04 
1.70489748E-03 
-4.13039220E-01 
-8.47988634E+00 
2.80000000E-02 
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B. Statistical analysis 
Table B.1: The Analysis of Variance (ANOVA) of CO2 concentration into CO2-α-CD complex 
powders measured by CO2 probe system and acid-base titration (point 1, from left to right on the 
Figure 4.7) (Chapter 4). 
Sources DF Seq SS Adj SS Adj MS F p 
Method 1 0.000028   0.000028   0.000028   0.02   0.887 
Error 4 0.004934   0.004934   0.001233   
Total 5 0.004962     
 
Table B.2:  The ANOVA of CO2 concentration into CO2-α-CD complex powders measured by CO2 
probe system and acid-base titration (point 2, from left to right on the Figure 4.7) (Chapter 4). 
Sources DF Seq SS Adj SS Adj MS F p 
Method 1 0.01851   0.01851   0.01851   1.12   0.350 
Error 4 0.06612   0.06612   0.01653   
Total 5 0.08463     
 
Table B.3:  The ANOVA of CO2 concentration into CO2-α-CD complex powders measured by CO2 
probe system and acid-base titration (point 3, from left to right on the Figure 4.7) (Chapter 4). 
Sources DF Seq SS Adj SS Adj MS F p 
Method 1 0.05534   0.05534   0.05534   2.59   0.183 
Error 4 0.08534   0.08534   0.02133   
Total 5 0.14067     
 
Table B.4:  The ANOVA of CO2 concentration into CO2-α-CD complex powders measured by CO2 
probe system and acid-base titration (point 4, from left to right on the Figure 4.7) (Chapter 4). 
Sources DF Seq SS Adj SS Adj MS F p 
Method 1 0.06463   0.06463   0.06463   3.31   0.143 
Error 4 0.07800   0.07800   0.01950   
Total 5 0.14263     
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Table B.5:  The ANOVA of CO2 concentration into CO2-α-CD complex powders measured by CO2 
probe system and acid-base titration (point 5, from left to right on the Figure 4.7) (Chapter 4). 
Sources DF Seq SS Adj SS Adj MS F p 
Method 1 0.46971 0.46971   0.46971   76.84   0.001 
Error 4 0.02445   0.02445   0.00611   
Total 5 0.49417     
 
Table B.6: The ANOVA of the CO2 concentration measured by CO2 system with and without 
saturated NaCl solution (Chapter 5). 
Sources DF Seq SS Adj SS Adj MS F p 
Measurement methods 1 0.00433   0.00433   0.00433   0.18   0.675 
Error 14 0.33043   0.33043   0.02360   
Total 15 0.33475     
 
Table B.7: The ANOVA of CO2 encapsulation capacity into α-CD powders at different pressure, 
time and structure of α-CD powder (Chapter 5). 
Source DF Seq SS Adj SS Adj MS F p 
Replication 1 0.01582 0.01582 0.01582 2.88 0.095 
Materials 1 0.11621 0.11621 0.11621 21.16 0.000 
Pressure (MPa) 3 4.97352 4.97352 1.65784 301.93 0.000 
Time (h) 6 4.33221 4.33221 0.72204 131.50 0.000 
Materials*Pressure (MPa)          3 0.94706 0.94706 0.31569 57.49 0.000 
Materials*Time (h)              6 4.53563 4.53563 0.75594 137.67 0.000 
Pressure (MPa)*Time (h)            18 0.65339 0.65339 0.03630 6.61 0.000 
Materials*Pressure (MPa)*Time (h) 18 0.87173 0.87173 0.04843 8.82 0.000 
Error 55 0.30200 0.30200 0.00549   
Total 111 16.74757     
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Table B.8:  The ANOVA of CO2 encapsulation capacity of amorphous α-CD powders at MC (13, 
15 and 17% MC) above the critical MC at different pressure and time (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Replication   1 0.00122 0.00122 0.00122 0.94 0.335 
Pressure (MPa) 2 3.05840 3.05840 1.52920 1180.47 0.000 
Moisture (%)                     2 0.76144 0.76144 0.38072 293.90 0.000 
Time (h)                        8 14.68264 14.68264 1.83533 1416.79 0.000 
Pressure (MPa)*Moisture (%)      4 0.18688 0.18688 0.04672 36.07 0.000 
Pressure (MPa)*Time (h)        16 0.44717 0.44717 0.02795 21.57 0.000 
Moisture (%)*Time (h)          16 1.35529 1.35529 0.08471 65.39 0.000 
Pressure (MPa)*Moisture (%)*Time (h) 32 0.20420 0.20420 00.00638 4.93 0.000 
Error 80 0.10363 0.10363 00.00130   
Total 161 20.80086     
 
Table B.9: The ANOVA of CO2 encapsulation capacity of crystalline α-CD powders at 13, 15 and 
17% MC at different pressure and time (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Replication   1 0.00082    0.00082   0.00082      3.10 0.083 
Pressure (MPa) 2 0.89744    0.89744   0.44872   1686.17 0.000 
Moisture (%)                     2 0.04935    0.04935   0.02467     92.72 0.000 
Time (h)                        6 12.23368   12.23368   2.03895   7661.83 0.000 
Pressure (MPa)*Moisture (%)      4 0.02192    0.02192   0.00548     20.59 0.000 
Pressure (MPa)*Time (h)        12 0.22709    0.22709   0.01892     71.11 0.000 
Moisture (%)*Time (h)          12 0.05867    0.05867   0.00489     18.37 0.000 
Pressure (MPa)*Moisture (%)*Time (h) 24 0.01708    0.01708   0.00071      2.67 0.001 
Error 62 0.01650    0.01650   0.00027   
Total 125 13.52256     
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Table B.10: The ANOVA of a comparison on CO2 encapsulation capacity between amorphous and 
crystalline α-CD powders (material type) at 13%MC at different pressure and time (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Material type                    1 0.01784   0.01784   0.01784    13.19 0.001 
Pressure (MPa)                   2 1.01950   1.01950   0.50975   376.91 0.000 
Time (h)                        5 3.80172   3.80172   0.76034   562.21 0.000 
Material type*Pressure (MPa)     2 0.03597   0.03597   0.01798    13.30 0.000 
Material type*Time (h)          5 0.30611   0.30611   0.06122    45.27 0.000 
Pressure (MPa)*Time (h)        10 0.06069   0.06069   0.00607     4.49 0.000 
Material type*Pressure (MPa)*Time (h) 10 0.03129 0.03129   0.00313     2.31 0.032 
Error 36 0.04869   0.04869   0.00135   
Total 71 5.32179     
 
Table B.11:  The ANOVA of a comparison on CO2 encapsulation capacity between amorphous and 
crystalline α-CD powders (material type) at 15% MC at different pressure and time (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Material type                    1 0.252812   0.252812   0.252812    334.67   0.000 
Pressure (MPa)                   2 1.570405   1.570405   0.785203   1039.43   0.000 
Time (h)                        5 1.264944   1.264944   0.252989    334.90   0.000 
Material type*Pressure (MPa)     2 0.221039   0.221039   0.110520    146.30   0.000 
Material type*Time (h)          5 0.017144   0.017144   0.003429      4.54   0.003 
Pressure (MPa)*Time (h)        10 0.016860   0.016860   0.001686      2.23   0.038 
Material type*Pressure (MPa)*Time (h) 10 0.084399   0.084399   0.008440     11.17   0.000 
Error 36 0.027195   0.027195   0.000755   
Total 71 3.454799     
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Table B.12: The ANOVA of a comparison on CO2 encapsulation capacity between amorphous and 
crystalline α-CD powders (material type) at 17% MC at different pressure and time (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Material type                    1 0.004115   0.004115   0.004115     6.82   0.013 
Pressure (MPa)                   2 1.002132   1.002132   0.501066   830.93   0.000 
Time (h)                        5 0.840909   0.840909   0.168182   278.90   0.000 
Material type*Pressure (MPa)     2 0.097740   0.097740   0.048870    81.04   0.000 
Material type*Time (h)          5 0.011933   0.011933   0.002387     3.96   0.006 
Pressure (MPa)*Time (h)        10 0.041303   0.041303   0.004130     6.85   0.000 
Material type*Pressure (MPa)*Time (h) 10 0.009294   0.009294   0.000929     1.54   0.165 
Error 36 0.021709   0.021709   0.000603   
Total 71 2.029133     
 
Table B.13: The ANOVA of aw of crystalline α-CD powder at 13% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Cryst_13MC    2 0.0000047   0.0000047   0.0000023   0.17   0.849 
Error 6 0.0000833   0.0000833   0.0000139   
Total 8 0.0000880     
 
Table B.14: The ANOVA of aw of crystalline α-CD α-CD powder at 15% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Cryst_15MC    2 0.0000307   0.0000307   0.0000154   2.00   0.216 
Error 6 0.0000462   0.0000462   0.0000077   
Total 8 0.0000769     
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Table B.15:  The ANOVA of aw of crystalline α-CD powder at 17% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Cryst_17MC    2 0.0000044   0.0000044   0.0000022   0.34   0.728 
Error 6 0.0000397   0.0000397   0.0000066   
Total 8 0.0000441     
 
Table B.16: The ANOVA of aw of amorphous α-CD powder at 13% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Amor_13MC    2 0.24232   0.24232   0.12116   945.54   0.000 
Error 6 0.00077   0.00077   0.00013   
Total 8 0.24309     
 
Table B.17: The ANOVA of aw of amorphous α-CD powder at 15% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Amor_15MC    2 0.078163   0.078163   0.039081   1568.48   0.000 
Error 6 0.000150   0.000150   0.000025   
Total 8 0.078312     
 
Table B.18: The ANOVA of aw of amorphous α-CD powder at 17% MC before and after 
encapsulation at 0.4 and 1.6 MPa (Chapter 6). 
Sources DF Seq SS Adj SS Adj MS F p 
Amor_17MC    2 0.0010077   0.0010077   0.0005038   26.83   0.001 
Error 6 0.0001127   0.0001127   0.0000188   
Total 8 0.0011203     
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Table B.19:  The ANOVA of true densities of -CD powder (amorphous and crystalline) and of 
CaCl2- and silicagel-aw reduced CO2 complex powders (Chapter 8). 
Sources DF Seq SS Adj SS Adj MS F p 
Powder 3 0.0128221   0.0128221   0.0042740   437.91   0.000 
Error 8 0.0000781   0.0000781   0.0000098   
Total 11 0.0129002     
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C. Photos of CD powders and their complexes with CO2 for different conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1: Photos of -CD powders (amorphous and crystalline) and their CO2 complex powders 
produced by solid encapsulation. 
Commercial crystalline -CD powder Amorphous spray-dried -CD powder 
Complex powder produced from  
crystalline -CD powder 
Complex powder produced from  
amorphous -CD powder 
Complex powder produced from  
amorphous -CD powder crystallized at 15% MC 
aw reduced-complex powder produced from  
amorphous -CD powder crystallized at 15% MC 
